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ABSTRACT 
Friction stir welding (FSW) has, in the first 25 years of its invention, already found a number 
of engineering applications for aluminum alloys in the automotive, shipbuilding and aviation 
industries. Some of the factors attributable to the quick adoption of FSW are that it enables 
welding of alloys which cannot be welded through most conventional methods, produces 
competent joints at high processing speeds and can easily be automated. These aspects make it 
attractive to apply FSW to other engineering alloys with good hot workability such as titanium 
alloys. However, only recently has progress been made in the development of non-consumable 
FSW tools for processing materials with high softening temperatures. Early reports have 
indicated successful FSW of not only the commercially pure titanium but also of other 
industrially important α, α/β and β titanium alloys. Generally, high tensile strengths 
comparable to those of base metals have been reported for these FSWed joints. From this 
background, proposals have been made to fabricate large components for aerospace 
applications from sheet and plate material through FSW and for the modification of local 
properties by friction stir processing (FSP). For such critical applications, defect-tolerant 
design which requires knowledge of the fatigue properties, especially the fatigue crack 
propagation behavior of the welds, is used. Currently, little is known about the fatigue behavior 
of FSWed titanium alloys.  
The aim of this study was to obtain and analyze data on the fatigue behavior of FSWed 
titanium and aluminum alloys for feedback into the welding process and create a platform for 
prediction of fatigue lives. Focus was put on the role of microstructure on fatigue behaviors of 
a one-pass FSWed Ti-6Al-4V and a two-pass FSWed AA6063-T5.  Here, work on the two-
pass AA6063-T5 was carried out to gain an insight into the behavior of multi-pass welds which 
could be relevant in the fabrication of large titanium alloy components. Fatigue crack 
propagation kinetics were measured for cracks propagating parallel to the welds, along 
monolithic microstructures and also for cracks across the microstructurally graded welds. 
Model joints without microstructural gradation but with dissimilar microstructures across the 
interfaces were fabricated through diffusion bonding of Ti-6Al-4V alloy blocks to augment the 
work on fatigue crack propagation across heterogeneous microstructures.  
Under primary mechanical properties, it was found that residual stresses, obtained through the 
XRD method on electropolished specimens, were low in both joints; less than 10 % of the 
yield strengths of the respective materials. Local tensile strengths and ductility obtained from 
miniature specimens extracted from both joints were heterogeneous across the welds. In the 
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titanium alloy, the monotonic properties on the advancing side and those on the retreating sides 
were dissimilar and this was discussed with reference to differences in heat input and 
developed microstructure. Properties of the double stirred zone in the AA6063-T5 were 
comparable to those of the single stirred zones, indicating insignificant influence of the double 
stirring on the monotonic properties.  
Under cyclic loadings, local fatigue crack initiation lives in the Ti-6Al-4V were significantly 
different across the weld. The longest fatigue crack initiation life was obtained in the 
homogeneous, bi-modal structure of the stirred zone. Noteworthy, the life in this 
microstructural region was longer than that of the base metal. On the other hand, the shortest 
crack initiation life was near the interfacial region, on the advancing side, in the region 
containing significantly heterogeneous microstructure. It was shown that the crack initiation 
lives could be dictated by the slip length in homogeneous structures, and strain incompatibility 
in microstructural zones with local heterogeneities. Fatigue crack initiation in the 2-pass 
FSWed AA6063-T5 alloy occurred in the heat affected zone away from the double stirred 
zone; a behavior similar to that reported for one-pass welds.  
The fatigue crack propagation (FCP) resistances of the weld affected areas were lower than 
those of the base metals for both welds. Also, in both welds, the FCP kinetics of as-welded 
specimens were comparable to those of post-weld heat treated specimens, a behavior that could 
indicate insignificant influence of the residual stresses. The role of the microstructure was then 
evaluated through analysis of the crack tip microstructure, crack paths and fracture surface 
features. For Ti-6Al-4V, calculations were made to show that nominally linear crack paths 
through the fine, recrystallized microstructure of the stirred zone and interfacial zones 
promoted higher FCP rates in comparison to the torturous cracks in the base metal and heat 
affected zones. It was also postulated, through considerations of the crack tip opening 
displacement, that increase in β phase volume fraction in the stirred zone and the interfacial 
zone could also lower the FCP resistance. In the AA6063-T5, it was shown that the double-V 
shaped 2-pass FSW influenced only the FCP resistance of the double stirred zone; FCP 
kinetics of microstructural zones outside the double stirred zone were comparable to those of 
one-pass welds while those in the double stirred zone were higher than in single stirred zones. 
The behaviors of cracks propagating transverse to the welds were similar for the two materials; 
for crack propagation from the stirred zone to the base metal, the FCP rates decreased when the 
crack tip approached the interface and for propagation in the opposite direction, the FCP rates 
increased. Similarly, the FCP behavior across diffusion bonded interfaces of Ti-6Al-4V alloys 
showed anisotropy related to the monolithic properties of the dissimilar microstructure; the 
FCP rates decreased for propagation in coarser microstructures where significant crack path 
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tortuosity seemed to play a role. It was also observed that the change in FCP kinetics across the 
graded microstructures of the FS welds were gradual over a wider region whereas in the 
diffusion bonds changes occurred after the interface.  
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A basic introduction of the joining methods, fatigue behavior of friction stir welded materials 
and objectives of this study are presented in this Chapter. The position of welding under 
joining techniques is shown and the applicability and merits of solid-state welding methods, 
including friction stir welding, are highlighted. Based on literature survey, the fatigue behavior 
of friction stir welded materials is briefly introduced with focus on the titanium and aluminum 
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1.1 WELDING AS A JOINING METHOD 
The construction of load carrying assemblies requires joining of parts and components together. 
In engineering structures, the main joining techniques can generally be classified into fastening, 
adhesive bonding and welding. Fastening involves the use of mechanical grip to keep the 
pieces together whereas in adhesive bonding and welding a bond is formed between the parts. 
In welding of metals, the application of heat or pressure or both facilitates formation of 
metallurgical bonds, at atomic level, which gives welded joins better continuity and higher 
strength than the joints based on mechanical (fastening) and chemical (adhesive bonding) 
forces [1]. This makes welding attractive for fabricating and repairing metal products. 
However, due to differences in the physical properties of metals, the required amount of heat 
and pressure varies greatly. Welding methods can thus be classified into two main groups 
based on the relative amounts of heat and pressure; fusion and non-fusion welding. The 
welding techniques under these classes can be represented as shown in Figure 1-1. In fusion 
welding, the supply of sufficient heat to melt the materials, facilitate inter-diffusion and 
subsequent bonding is key and very little pressure is applied. However, due to immiscibility, 
differences in heat conductivities and thermal expansion coefficients; fusion welding of some 
metals can be difficult [1]–[3]. On the other hand, in non-fusion or solid-state welding, high 
amounts of pressure and limited heating promote intimate contact without melting or fusion of 
the base materials. The lack of fusion eliminates the immiscibility and macrosegregation issues 
hence provides the main advantage of solid-state joining techniques over the fusion based 
methods [2], [4], [5]. 
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1.1.1 Fusion Welding of Aluminum and Titanium Alloys 
Aluminum alloys and titanium alloys have found wide applications in structural components in 
engineering industries such as the automotive, aerospace and construction industries for several 
reasons. The most desirable properties of these alloys are their high strength-to-weight ratio, 
good corrosion resistance, and good hot formability [4]–[14]. While most titanium alloys are 
generally weldable through conventional welding processes like gas metal arc welding 
(GMAW/MIG), tungsten Inert gas welding (TIG), as well as high energy processes such as 
plasma arc welding (PAW), laser-beam and electron-beam welding, aluminum alloys are 
difficult to weld through most of these techniques [15]–[18]. Nonetheless, in both groups of 
alloys, the welds are affected by the presence of tenacious oxides, solidification shrinkage, 
high solubility of oxygen at temperatures above 550°C and the inadvertent formation of weld 
shrinkage (distortion) and porosity defects (solidification segregation, solidification cracking, 
contamination cracking, hydrogen embrittlement in aluminum and oxide cast layer in titanium 
alloys) [7], [8], [16]. Inert gas shielding, surface cleaning and post-weld heat treatment are 
often required. These drawbacks do not only affect the mechanical properties of components, 
they also hinder development of new applications for the light weight alloys. However, solid-
state joining has been shown to reduce the problems associated with fusion welding of the high 
passivity light metals.  
1.2 SOLID-STATE JOINING OF ALUMINUM ALLOYS AND TITANIUM 
ALLOYS 
Solid-state joining can be defined as welding in the absence of a brazing filler at a temperature 
significantly below the base metals’ melting points. These non-fusion bonding processes have 
a number of advantages over the conventional fusion welding techniques mainly due to low 
peak temperatures and absence of liquid phase during joint formation. Some of the main 
advantages can be outlined as follows: 
i. Enables joining of otherwise difficult to weld and dissimilar metals. 
ii. Low distortion of the workpieces. 
iii. No solidification shrinkage, porosity and cracking. 
iv. Higher joint efficiencies due to minimal material distortion and fewer defects. 
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As shown in Figure 1-1, the principal ways in which solid-state or non-fusion joining is 
effected can be classified into three basic groups; pressure welding, friction welding and 
diffusion welding [19], [20]. Pressure based welding techniques rely on substantial pressure 
and considerable plastic deformation of the material to form a joint. Cold welding, hot pressure 
gas welding, forge welding, roll welding, and explosion welding are classified as pressure 
welding techniques [21], [22]. Diffusion welds are produced by providing heat to promote 
mass transport of the material in the solid state and low pressure is employed such that there is 
minimal distortion of the material properties [18], [23]–[25]. In friction based processes, the 
joining is facilitated by frictional heating and thermomechanical mixing of the materials by 
application of significant pressure with no or minimal external heat supply [18], [19], [26]–
[29]. Relative movement is induced between the abutting pieces under considerable pressure 
thereby facilitating frictional heating and softening of the material on the contact surfaces. The 
relative movements can either be angular, rotational or linear reciprocation thereby giving the 
friction welding techniques their respective nomenclature.  
1.2.1 Solid-state Joining of Aluminum Alloys 
Research on the solid-state bonding of aluminum alloys can traced back to as far as the early 
19
th
 century when pressure welding of hot cylinders was successfully carried out [30]. Recent 
research on the non-fusion joining of aluminum has focused on: extrusion of hollow cross 
sections and compacted machining chips, accumulative roll bonding, and friction welding [30]. 
The extrusion approach is primarily applicable to hollow cross sections and for the 
reprocessing of scrap aluminum and accumulative roll bonding (ARB) also has geometrical 
limitations on the thin strips that can be rolled together [31].  Contrarily, net-shaped or nearly 
net-shaped parts of different geometries can be joined by friction welding [32]. This is 
achieved by different reciprocal movements to suit the component geometries. For example, 
cylindrical aluminum shock absorbers have been fabricated through rotational friction welding 
whereas near net shape engineered blanks are welded through linear friction welding [33]. In 
the newest variant of friction welding, friction stir welding (FSW), large components of 
various geometries can be joined through the action of a non-consumable rotating tool inserted 
between the faying surfaces. This technique has revolutionized the welding of aluminum 
alloys; an example is that it has enabled joining of alloys which could not be welded by the 
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1.2.2 Solid-state Joining of Titanium Alloys 
Akin to fusion welding; titanium alloys show high weldability with most of the non-fusion 
bonding methods of which friction welding and diffusion bonding have found the widest 
applications. Diffusion bonding has principally been used in the fabrication of hollow 
structures from plate and sheet material. This approach enables significant weight-saving by 
use of hollow, mostly honeycomb-shaped, structures which can be as competent as bulk 
components. The conditions necessary for diffusion bonding are, simply put, to facilitate 
migration of the atoms across the interface. This is achieved through pressing, usually for 
many hours, smooth surfaces of the materials together at temperatures between 50 % and 70 % 
of their melting temperature [11]. The process is mostly carried out under vacuum or inert gas 
atmosphere. The pressure and inert conditions promote the elimination of voids from the 
interface whereas the heating provides energy for the volumetric transfer of the atoms. General 
progression of the diffusion is illustrated in the schematic shown in Figure 1-2. Major 
hindrance to the inter-diffusion illustrated in the 2
nd
 stage of Figure 1-2 generally comes from 
refractory oxide layers on the faying surfaces. However, for titanium alloys, above 550 °C the 
oxides dissolve into the bulk alloy thereby facilitating transfer of titanium atoms across the 
interfaces [40].  
Rolls-Royce PLC have employed diffusion bonding in the manufacture of their revolutionary 
wide chord hollow fan blades through a process that combines the diffusion bonding with 
superplastic forming [11], [41], [42]. Vanes, made of Ti-6Al-4V alloy, have also been 
fabricated through this technique. It can be noted that this approach has generally been used for 
titanium alloys, mostly Ti-6Al-4V, due to their aforementioned properties. 
Contrary to diffusion bonding, friction welding can be used to fabricate bulk components with 
a larger variety of geometries. Another major advantage of friction welding of titanium alloys 
is that no shrouding gas is required since, in rotary and linear friction welding, the faying 
surfaces are mutually shielded from the environment and any prior oxide layer is displaced 
from the interface [27], [43]. Recently, linear friction welding (LFW) has been employed in the 
fabrication of metallurgically combined blade and disks structures for compressors of turbofan 
engines, termed as blisks (bladed-disk), Figure 1-3. For large blades, manufacturing of blisks 
through LFW is more cost-effective than machining from an oversized forged disk [44]. 
Improved reliability of blisks is due to the elimination of the discontinuous attached which is 
susceptible to fretting fatigue failure [44], [45]. Major drawbacks of LFW are high residual 
Introduction  2016
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stresses and significant texture development in the weld area [27], [46]. On the other hand, 
work on the friction stir welding (FSW) of titanium alloys is still in its early stages. The 
development has, for the greater part since the technique was proven in aluminium alloys, been 
hampered by unavailability of tools that can be employed for FSW of materials with high 
softening temperatures such as titanium alloys. To provide a perspective on the importance of 
these factors, the basics of the FSW process are presented next.  
 
Figure 1-2 An illustartion progression of the diffusion bonding process [11] 
 
 
(a)      (b) 
Figure 1-3 Illustration of (a) conventionally attached blade and disk (b) blisk [45] 
Introduction  2016
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1.2.3 Friction Stir welding (FSW) 
Friction stir welding (FSW) was patented by The Welding Institute (TWI) in 1991 as a variant 
(an improvement) of the friction welding process that enables the fabrication of long butt and 
lap joints [46]. In FSW, a non-consumable rotating tool with a specially designed pin and 
shoulder is inserted into the abutting edges of pieces to be joined and subsequently traversed 
along the joint line with the tool shoulder firmly in contact with the top surfaces, Figure 1-4. 
Heat, generated mainly from friction between the tool shoulder and the workpieces and also 
from the severe material plasticization due to the tool rotation, softens the material around the 
tool pin thereby promoting material movement, mixing and bonding in the solid-state [18], 
[47]–[53]. The amount heat generated varies with distance from the tool axis resulting in 
gradation in the thermomechanical work and final microstructure from the weld center line to 
the parent material. The inhomogeneous weld zone generally consists of: 
i. A fully recrystallized, equiaxed, fine grain microstructure in the center of the weld, 
termed the stirred zone (SZ) or nugget zone (NZ) [25], [32]. 
ii. The thermo-mechanically affected zone (TMAZ), which borders the SZ and is made up 
of plastically upset microstructure. The heat energy in this region is insufficient to 
cause full recrystallization or recovery hence the resulting microstructure exhibits the 
prior thermo-mechanical deformation.  
iii. An area further away from the influence of the tool which is only affected by the 
dissipated heat; the heat affected zone (HAZ). 
Also, the relative rotational and translational movements on the two sides of the weld are 
different thereby giving different material movement and heating regimes thus asymmetry 
about the weld center line. The sum of the angular rotation and translational velocities is 
generally higher on the side where the direction of the tool rotation coincides with the welding 
direction compared to the side on which the motions are opposed, the former is termed the 
advancing side (AS) and the latter is the retreating side (RS) as shown in Figure 1-4. 
FSW has already been adopted for a number of engineering applications for aluminum alloys, 
however, only recently has progress been made in research on the FSW of titanium alloys. The 
development of non-consumable FSW tools applicable at peak temperatures of up to 1000 °C 
has played a major role in the realization of this progress [55]–[57]. Defect-free welds with 
joint efficiencies greater than 90 % have since been realized in friction stirred areas showing 
significant grain size refinement and increased hardness [58]–[60]. Based on these findings, 
proposals have been made to fabricate large components for aerospace applications from sheet 
Introduction  2016
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and plate material through FSW and for the modification of local properties by friction stir 
processing (FSP) [59], [61]–[65]. FSP is a variant of FSW where the friction stirring is carried 
out on a smooth surface without forming a joint but with the sole purpose of altering the 
microstructure [47]. Such an application for FSP of titanium alloys has been identified for the 
leading edges of gas turbine fan blades [61]. Due to the high tool wear rate in the FSW and 
FSP of titanium alloys [9], [57], the thickness of plates that can be processed in a single pass is 
limited. Multiple weld or processing passes could be necessary for processing component size 
coupons. This approach has been demonstrated for aluminum alloys principally through 
double-V shaped two-pass FSWed joints [66], [67]. The double-sided, 2-pass friction stir (FS) 
welds have been employed to weld pieces with thicknesses of up to 75 mm [67]. High process 
tolerance and production of defect-free joints over a large processing window have been 
reported, making the approach favorable for joining of components for critical applications 
[47], [67]–[70]. However, there are only a few reports available in the open sources on the 
failure behaviors of multi-pass FSWed joints.  
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1.3 FATIGUE FAILURES IN FRICTION STIR WELDED ALUMINUM AND 
TITANIUM ALLOYS 
Significant progress has been made in optimizing the friction stir welding process of aluminum 
alloys based on mechanical properties under both static and cyclic loadings [34], [71]–[79]. In 
the cited works, various processing windows to obtain high joint efficiencies of up to 100 % 
for aluminum alloys have been identified but there has been little progress for other alloys. 
Development of tool materials capable of FSW of materials with high softening temperatures 
in the past 5 years has seen recent advancement in the FSW of titanium alloys [56], [80]. As 
such, while a considerable amount of data has been generated on the fatigue failure behaviors 
of FSWed aluminum alloys [36], [37], [78], [81]–[108], little is known about the behavior of 
FSWed titanium alloys [58], [109]–[116]. The fatigue behavior of FSWed aluminum alloys has 
been found to be primarily influenced by the microstructure [60], [83], [84], [86], [88], [101], 
[102], [117]–[119] and, to a limited extent, the residual stresses [93], [105], [120], [121]. 
Generally, the fatigue strength and FCP resistance of the FS weld affected regions have been 
found to be lower than those of the BM but higher than those of conventional welds. This 
robustness of FSW, compared to other welding technologies, makes it attractive for processing 
of other engineering materials such as titanium alloys. 
Early reports on the fatigue behavior of FSWed and FSPed titanium alloys have provided 
promising results. The results, by some researchers, show joint fatigue lives comparable to 
those of the base metals and higher than those fabricated through conventional fusion methods 
[63], [64]. In the work done on fatigue crack propagation (FCP) behavior, the FCP resistance 
of the FS weld affected regions has been found to be comparable [62], [122], [123] or lower 
than [105] that of the base metal. Most of these [62], [105], [122] results were discussed with 
regards to the role of residual stresses on the FCP. Residual stresses in the FSWed titanium 
alloys have been shown to be generally tensile within the SZ and compressive in the HAZ but 
with magnitudes lower than those in fusion welds and linear friction welds [27], [105], [122]. 
However, the residual stresses can be relieved through heat treatments as done for most 
engineering components. It is, therefore, more prudent to understand the role of the (more 
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1.4 OBJECTIVES OF THIS STUDY 
Role of the locally developed microstructure on the fatigue behaviors of a one-pass FSWed Ti-
6Al-4V and a two-pass FSWed AA6063-T5 was studied in this work. Initial focus was put on 
evaluating the local fatigue crack initiation and fatigue crack propagation behaviors of the 
FSWed Ti-6Al-4V through miniature specimens. The study on the two-pass AA6063-T5 was 
carried out in parallel to gain an insight into the behavior of multi-pass welds which could be 
relevant in the fabrication of large titanium alloy components. Fatigue crack propagation 
kinetics of cracks propagating across the microstructurally graded interfaces in the FSWed 
joints were also investigated. The behavior of fatigue cracks propagating across model 
diffusion bonded interfaces between dissimilar microstructures of the Ti-6Al-4V alloy was 
then evaluated to assess the evolution of fatigue resistance due to locally dissimilar 
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1.5 DISSERTATION OUTLINE 
Chapter 1: A basic introduction of the joining methods, fatigue behavior of friction stir 
welded materials and objectives of this study are given.  
Chapter 2: The friction stir welding conditions, developed microstructure, residual stress 
distribution and monotonic mechanical properties of both the one-pass friction stir welded Ti-
6Al-4V alloy and the two-pass FSWed AA6063-T5 are presented. Residual stresses in both 
joints were measured through the X-ray diffraction method in and around the stirred areas. 
Tensile properties in the different microstructural zones of both welds were evaluated through 
miniature specimens constituting, principally, of monolithic material. 
Chapter 3: Study on the fatigue crack initiation behaviors of both joints is presented is this 
Chapter. The local fatigue crack initiation behavior of the different microstructural zones of the 
FSWed Ti-6Al-4V were investigated through notched miniature specimens. On the other hand, 
the fatigue crack initiation behavior of the FSWed AA6063-T5 alloy was studied through 
macroscopic specimens extracted transverse to the weld to obtain global joint properties. 
Chapter 4: Local fatigue crack propagation behaviors of cracks propagating parallel to the 
weld directions of both welds were studied and are presented in this Chapter. Multiple 
specimens were extracted from each joint to investigate the behavior of each microstructural 
zone. Based on the microstructural gradation and stress distribution reported in Chapter 2, 
focus was put on the role of the crack tip microstructure in influencing the fatigue crack 
propagation resistance. 
Chapter 5: Work on the fatigue crack propagation behavior of cracks propagating transverse 
to the FSWed areas of both joints and across diffusion bonded interfaces of microstructurally 
dissimilar Ti-6Al-4V is presented. The tests were carried out at constant stress intensity factor 
to measure changes in the fatigue crack propagation rates under nominally constant driving 
forces. Heat treatments done on the as-forged Ti-6Al-4V blocks and the diffusion bonding 
process to obtain microstructurally dissimilar interfaces are also presented in this Chapter. 
Chapter 6: Conclusions derived from this study and proposals for future work are presented.   
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2. Monotonic Mechanical Properties and Residual Stresses 
of Friction Stir Welded Aluminum and Titanium Alloys  
 
Local tensile properties and residual stresses of the two friction stir welded (FSWed) joints 
studied in this work are presented in this chapter. At first, metallographic analysis of the 
welds was done through optical and scanning electron microscopy to establish the 
development of the microstructure in the weld. Measurement of residual stresses within 
and around the weld areas was then carried out through the X-ray diffraction (XRD) 
method on electropolished specimens. Finally, the mechanical properties of the different 
microstructural zones were evaluated through micro-indentation hardness tests and traction 
tests on miniature tensile test specimens containing monolithic microstructure.  
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2.1 INTRODUCTION 
The competence of weld joints is generally evaluated through macrostructural analysis and the 
measurement of joint efficiency, a ratio of the tensile strength of the weld affected specimens 
to that of the base metal. For established welding techniques, the prevalence of defects and 
magnitude of the joint efficiency can give primary indications of the reliability of the joint; 
however, for a better understanding of the properties of welds fabricated through new 
techniques, it is important to carry out microstructural analysis and to measure the local 
mechanical properties. In most of the available researches on FSW, the tensile properties of the 
joints were measured on specimens extracted transverse to the weld direction hence only the 
global strength, or rather the strength of the weakest region of the weld, is obtained [1]–[5]. 
The region outside the stirred area, the heat affected zone (HAZ), has generally been identified 
as the failure location [4], [6]–[10]. Hence the mechanical properties of other microstructural 
regions have only been evaluated through indentation tests. While the hardness values can be 
used to estimate the yield strength for some materials, other properties such as ductility and 
fracture mechanisms cannot be obtained through such tests [11].  
Even though residual stresses in friction stir welded (FSWed) materials have been reported to 
be lower than those in fusion welds, it has also been shown that they could be high enough to 
influence the fatigue behavior [3], [8], [12]–[15]. Establishing not only the magnitudes of the 
residual stresses but also their distribution across the weld cross section and axiality is key to 
understanding the reported influence. 
2.2 MATERIALS AND WELDING PROCESSES 
Two different FSWed butt joints were studied in this work; a single pass FSWed Ti-6Al-4V 
and a 2-pass FSWed AA6063-T5.  
Titanium exhibits allotropism where the low temperature HCP α structure transforms to BCC β 
structure at about 882 °C in commercially pure (CP) titanium [16], [17]. This transformation 
temperature can be raised through addition of alloying elements; alpha stabilizers, such as 
aluminum and tin and can be lowered by adding beta stabilizers such as vanadium, manganese 
and molybdenum [18]. As such, titanium alloys can have various proportions of α and β at 
room temperature depending on the alloying elements. Ti-6Al-4V alloy is an alpha-beta alloy 
implying that it contains stable β at room temperature, due to the presence of beta-stabilizing 
vanadium. The distribution and forms of α and β which dictate the microstructure and 
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mechanical properties, are sensitive to the thermomechanical history of the alloy. Ti-6Al-4V 
has a wide processing window and can be processed to give various unique mechanical 
properties to suit different applications [19]–[21]. The Ti-6Al-4V alloy is the most widely 
produced alloy of titanium, representing about 50 % of the total titanium alloy production 
worldwide [18]. It has thus been casually termed as the workhorse of titanium industry due to 
the wide range of applications mainly for stationary and rotating components in the aviation 
industry.  
The AA6063 is an Al-Mg-Si aluminum alloy with chemical composition as given in Table 2. 
In wrought state, AA6063 is a medium strength alloy with very high extrudability and low 
quench sensitivity thus favored for structural components with complex geometries [22].  
AA6063 in the T5 temper state - artificial aging after cooling from hot working temperature - 
was chosen for the work to study properties of the 2-pass FS welds because it shows very good 
weldability through FSW [1], [23]. The AA6063 also has applications in the automotive and 
rail industries that could benefit from the 2-pass FSW. 
2.2.1 One-pass FSW of the Ti-6Al-4V Alloy 
In this work, 7mm plates of the Ti-6Al-4V alloy, with a chemical composition shown in Table 
2, were FSWed in single pass butt joint configuration. The tool used for the FSW was made 
from a cobalt-based superalloy, strengthened by γʹ Co3(Al, W), specifically developed for tools 
to be used in the FSW of materials with high-softening temperatures [24]. The FSW was 
carried out at a tool rotation speed of 120 rpm and tool translational speed of 15 mm/min. 
Argon gas shrouding was employed to minimize oxidation of the weld area.  
Table 2-1 Chemical composition of the Ti-6Al-4V alloy 
Element Al V Fe O N Ti 
wt % 6.22 4.03 0.19 0.17 0.01 Bal. 
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2.2.2 Two-pass FSW of the AA6063-T5 Alloy 
FSW of the 15 mm thick AA6063-T5 plates was carried out in two weld passes from either 
surface of the plates in a butt joint configuration, Figure 2-1. The welding direction was 
maintained parallel to the direction of extrusion. A tool with a concave shaped shoulder 
(Figure 2-2(a)) 20 mm in diameter and tool pin length and diameter of 8 mm was employed for 
the first pass weld after which the workpiece was turned over. The second pass weld was then 
fabricated in the same welding direction using a tool of the same size but different shoulder 
geometry. A convex geometry for the shoulder (Figure 2-2(b)) was chosen in order to facilitate 
material movement towards the weld root thereby minimizing void formation. The tools were 
aligned at a tilt angle of 3° for both passes. Here, the tilt angle is defined as the angle between 
the tool axis and the coordinate perpendicular to the workpieces. This orientation is expected to 
optimize material containment within the shoulder limit – a key aspect in the production of 
sound welds. Both weld passes were carried out in the same welding direction resulting in an 
asymmetrical weld cross section. Note, the advancing sides (AS) (ditto for retreating side (RS)) 
of the first and second weld passes are on opposite sides of the weld center line (WCL) as 
shown in Figure 2-1. From this weld configuration, the through-the-thickness properties are 
expected to be comparable on both sides of the WCL.  
Table 2-2 Chemical composition of AA6063 
Element Mg Si Fe Cu Zn Mn Ti Other Al 
wt % 0.46 0.46 0.15 0.014 <0.005 0.03 0.012 0.2 Bal. 
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Figure 2-1 Fabrication of the 2-pass FSWed joint. The work-piece was overturned after the 1
st
 
pass and the 2
nd
 pass weld was then fabricated in the same welding direction. 
 
                  
   (a)           (b) 
Figure 2-2 Tool configurations (a) First pass weld tool (b) Second pass weld tool 
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2.3 EXPERIMENTAL PROCEDURES 
2.3.1 Metallographic Analysis 
In both welds, the cross section of the weld area, perpendicular to the weld direction was 
analyzed using both optical microscopy and SEM. Samples were mechanically ground and 
polished to grit size P4000, followed by polishing using Buehler cloth. In the work on the 
titanium alloy, pre-etching was stimulated during the final stage of polishing by loading the 
Buehler cloth loaded with colloidal silica (OP-S) containing 10% H2O2. Etching was then done 
by swabbing the specimens with Kroll’s reagent (6% HNO3, 2% HF in H2O) for 15 seconds. 
For the aluminum alloy, after the metallographic preparation, the samples were etched using a 
solution of 1 g of NaOH in 100 ml of water.  
2.3.2 Measurement of Residual Stresses 
Measurements were carried out on single pass welds of both joints, where the model single 
pass weld for the AA6063-T5 was fabricated under the same welding conditions as those of the 
2-pass weld. The residual stress distributions were obtained through the X-ray diffraction 
(XRD) method. Rectangular plates with dimensions of 30 mm x 30 mm x 2 mm were extracted 
through electro-discharge machining (EDM) at depths of 0.5 mm from the weld crown surfaces. 
Both sets of specimens were electropolished prior to exposure. Locations within and near the 
boundaries of the weld were irradiated to obtain residual stresses in the stirred zone (SZ) and 
heat affected zone (HAZ), respectively. The residual stresses in two directions; parallel and 
perpendicular to the weld, were measured for both joints. The directions and irradiated 
locations are illustrated in Figure 2-3. Generally, in XRD stress measurement, the stress in the 
surface layer is calculated from the change in the lattice spacing as obtained from shifts in the 
diffraction angles and the so-called sin
2
ψ method is employed. A schematic of the sin
2ψ 
method is shown in Figure 2-4.  Here, up to 6 (diffracted x-ray) intensity profiles are taken by 
rotating the specimen through ψ angles of 0°, 18.4°, 26.6°, 33.2°, 39.2° and 45°. For each 
intensity profile, the 2θψ angle (Bragg’s angle, relates to the inter-planar spacing), 
corresponding to the peak intensity is determined through the full-width-half-maximum 
(FWHM) function. The stresses are then calculated through: 









] = 𝐾 ∙ 𝑀                        (2-1)                       
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where the K term can be obtained from the elastic properties of the material [25] and the M 
term is the gradient of the 2θψ – sin
2
ψ plot. The parameters and conditions used in this work 
for the XRD and stress calculations are shown in Table 2-3. For the Ti-6Al-4V alloy, the 
crystallographic planes of diffraction were empirically determined for each microstructural 
region since phase specific compositions and crystalline orientation preferences can have an 
influence on the diffraction plane in this material. Based on literature data, scanning was 
focused around 2-theta angles corresponding to the {213̅3} and {303̅2} planes and their 
equivalent planes [26].  
2.3.3 Hardness Measurement 
 To characterize the hardness distribution along the weld widths and thicknesses, multiple 
indentations were made on the weld cross sections along three depths in both welds using a 
micro-Vickers indenter. In the AA6063-T5 weld, the indentations were 2 mm from either 
surface and along the mid-thickness, under a 200g-force for 5 seconds. In the Ti-6Al-4V weld, 
a 500g-force and loading time of 10 seconds were used for the measurements at depths of 0.1 
mm, 3 mm and 5 mm from the top surface.  
2.3.4 Local Tensile Tests 
Local tensile strengths were measured through traction tests on miniature specimens. The 
miniature specimens were precisely extracted parallel to the weld direction such that each 
specimen represented a particular microstructural zone within the weld areas as illustrated in 
Figure 2-5(a) for the titanium alloy joint and in Figure 2-5(b) for the aluminum alloy joint. The 
specimens from the Ti alloy joint were termed as the HAZ, the interfacial zone (IZ) and the 
SZ; together with the side of the weld, i.e. AS for advancing side, RS for retreating side and 
WCL for weld center line. The nomenclature of the specimens from the Al alloy joint was then 
based on the microstructural zone of extraction; heat affected zones (HAZ), thermomechanical 
affected zones (TMAZ) on both the AS and RS and the stirred zone (SZ). Specimens from both 
joints had the same geometry; a thickness of 1 mm and other dimensions as shown in Figure 
2-6.  
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Figure 2-3 Residual stress measurement locations and directions 
 
Figure 2-4 Schematic of the Sin squared psi method 
Table 2-3 XRD Parameters and conditions 
  AA6063-T5 Ti-6Al-4V 






Full Width Half Maximum 
Cu-Kα 
Crystal plane {311} {213̅3} 
Tube voltage, kV 30  30  
Tube Current, mA 30  30  
Irradiation area, mm 2x2 4x4  
Stress Const., MPa/deg. -166 -274 
Peak determination Full Width Half Maximum Full Width Half Maximum 
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2.4 RESULTS AND DISCUSSIONS 
2.4.1 Development of the Microstructure 
2.4.1.1 Microstructural Evolution in FSWed Ti-6Al-4V 
The macro and micrographs of the joint cross section are presented in Figure 2-7. These 
images illustrate the significant gradation in microstructure across the welded area. The base 
metal had a mill-annealed microstructure predominantly made up of elongated alpha grains, 
averaging 20μm x 5μm, and intergranular β, Figure 2-7(b). Within the FSWed area, no defects 
were observed through both optical and electron microscopy. However, distinctive banded 
wavy features were observed on the advancing side at a depth of about 1 mm to 4 mm from the 
top surface. Further observations through the SEM revealed the structure to be alternate bands 
of lamellae microstructure and very fine bi-modal α/β, Figure 2-7(d). This unique structure was, 
however, not observed on the retreating side where only a refined, bi-modal microstructure 
similar to that in the center of the weld was observed, shown as stirred zone in Figure 2-7(c). 
The bi-modal structure contains recrystallized equiaxed primary α and β grains with thin α 
lamellae. The duplex structure in the SZ also showed an increase in β phase volume fraction 
from about 15% in the BM to 25%, as evaluated through image analysis. In contrast, the region 
outside the stirred area, generally called the heat affected zone (HAZ), showed no significant 
microstructural evolution, thus the microstructure resembled that of the BM. Furthermore, 
unlike in the AA6063-T5 weld, no plastically deformed elongated grains were observed in the 
region abutting the SZ and the HAZ hence it was considered that this region does not 
correspond to the TMAZ; instead this area is denoted as the interfacial zone (IZ) in this work, 
Figure 2-7(a).  
Development of a bi-modal α/β structure with equiaxed α grains and a higher β volume 
fraction such as that in the SZ is, in general, obtainable through homogenization heat treatment 
in the β phase field followed by recrystallization in the α+β phase field [18]. It can thus be 
inferred from the microstructural evolution that the peak temperature in the SZ during FSW 
was high enough to facilitate recrystallization in the α+β phase region. Estimation of the 
temperature can be carried out by referencing the microstructure to that obtained through 
various heat treatments. Such heat treatments were carried out as part of this work, and a 
similar microstructure was obtained after solution heat treatment at around 960 °C followed by 
rapid cooling.   
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 (a)  
 
(b) 
Figure 2-5 Extraction of miniature tensile test specimens from (a) the AA6063-T5 weld and (b) 
the Ti-6Al-4V weld 
 
Figure 2-6 Geometry of the miniature specimens for tensile tests 
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In contrast, the fully lamellar microstructure observed on the advancing side of the weld is 
known to develop from recrystallization above the β-transus temperature [27]. The localized, 
fully lamellar microstructure could indicate temperature distribution in the transverse direction, 
with peak temperatures on the advancing side. Such differences in temperatures, based on 
thermocouple data, on the advancing and retreating sides have been reported by a number of 
researchers working on the FSW of aluminum alloys [2], [28], [29]. It has been suggested that 
this is due to differences in material movement around the tool. The higher heat generation on 
the advancing side has been alluded to the more severe stick and slip movement of the material 
around the tool [30].   
The prevalence of the lamellar microstructure within a depth of 1-4mm from the top surface 
could indicate higher temperatures in the mid-thickness area than those on the surfaces. This is 
concomitant with the deduction that the heat balance between the heat input rate and cooling 
rate results in a temperature profile in the short-transverse direction with a peak in the mid-
thickness area [31], [32]. From the two postulated temperature profiles, in the transverse and in 
the short-transverse directions, it can be deduced that the highest temperature in the weld was 
in the mid-thickness area of the advancing side. The areas between the lamellar microstructure 
bands had bi-modal microstructure made up of very fine equiaxed α and β grains with acicular 
α, Fig. 8(d). The banded nature of this structure could emanate from formation of a “maelstrom 
current” on the advancing side where the material eventually “sloughs off” behind the tool [2]. 
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Figure 2-7 Microstructure of the FSWed Ti-6Al-4V 
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2.4.1.2 Microstructural Gradation in FSWed AA6063-T5 
The double-V 2-pass weld showed no porosity or defects through the weld thickness. From the 
micrographs presented in Figure 2-8, the SZ area was observed to consist of grains markedly 
refined from the BM grain size of 80 μm to 20 μm. The TMAZ and HAZ showed features 
typical of these regions in a FSWed joint; plastically upset, elongated fine grains and 
marginally coarsened grains respectively. Such evolution of the microstructure in one pass 
friction stir welds of aluminum alloys has been thoroughly discussed by a number of 
researchers [23], [33]–[45]. Generally, the severe thermo-plastic deformation of the material 
within the SZ at temperatures of about 400 °C provides sufficient energy for dynamic recovery 
and recrystallization resulting in the fine microstructure whereas in the TMAZ, by virtue of 
increased distance from the tool, the plastic deformation and frictional heating are lower than 
in the SZ resulting in temperatures lower than recrystallization temperature hence the deformed 
grains. The discussion here is thus mainly focused on the development of the microstructure 
due to the two-pass FSW. From the macrograph in Figure 2-8, it is clear that the material in the 
mid-thickness of the weld was stirred during both weld passes. This region is hereafter termed 
as the double stirred zone (DSZ). The grain size in the DSZ was observed to be made up of 
finer microstructure, averaging 13 μm, than that observed in the single-stirred zones. This 
could be due to the dual recrystallization upon re-stirring combined with lower heat input near 
the tip of the tool that minimizes grain growth in the DSZ [43]. The final grain size after 
double-stirring seems to be influenced not only by the peak welding temperature as has been 
previously suggested [42], [46], but also by the initial grain size where stirring of the already 
recrystallized grains produces a further refined microstructure. Similar grain refinement was 
observed by Lee et al. in double-friction stir welded 2219 aluminum alloy [34]. The 
microstructure outside the DSZ; that exclusively in the 1
st
 pass weld and that in the 2
nd
 pass 
weld, showed similar characteristics indicating that thermal dissipation from the 2
nd
 pass did 
not significantly affect the material in the 1
st
 pass. 
2.4.2 Residual Stress Distribution 
In both joints, the residual stresses were generally low; about 10% and 5% of the respective 
yield strengths in the AA6063-T5 and Ti-6Al-4V, respectively. The residual stress distribution 
in the AA6063-T5 is shown in Figure 2-9 where small differences can be seen in the 
distribution of the transverse and longitudinal components. While there is more scatter for the 
stresses in the transverse direction, those in the longitudinal direction have a more consistent 
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trend with a peak in the SZ. The residual stress distributions in the longitudinal and transverse 
directions of the Ti-6Al-4V weld are presented in Figure 2-10. Generally, the residual stresses 
in the weld affected areas were tensile (except in the longitudinal direction in SZ) with peaks in 
the weld center as well.  The profiles observed in both welds  generally resemble those 
obtained in conventional welds [47], [48]. 
2.4.3 Hardness Distribution and Local Tensile Strengths 
2.4.3.1 Hardness and Local Tensile Properties in the FSWed Ti -6Al-4V 
Similar to observations made in the AA6063-T5, hardness profiles at different depths were 
generally similar across the weld thickness except at the 3 mm depth where a wide scatter was 
observed in the SZ near the advancing side, Figure 2-11. This area corresponds to the region 
with the banded structure, Figure 2-7(a) and Figure 2-7(b). The marginal increase in the 
Vickers hardness in the SZ (from a Vickers hardness number of 290 in the BM to about 330) 
despite the significant grain size refinement could be due to the competing effects of grain size 
refinement and increase in β volume fraction on the hardness. While grain size refinement is 
known to promote higher hardness, increase in the lamellar structured β has been shown to 
result in lower hardness [18], [49]. Lutjering relates this decrease in hardness of the lamellar 
structure to alloy element partitioning between the primary α (outside the lamellar 
microstructure) and the α laths in the lamellar microstructure resulting in lamellae α with lower 
hardness [18]. The hardness values however, showed more scatter on the advancing side of the 
weld. The erratic high hardness in this region is synonymous with the presence of impurities. 
EDS analysis carried out on weld cross section showed higher traces of cobalt and tungsten in 
the banded structure than on the RS, Figure 2-12. These traces could be tool debris from the 
Co-based tool used for FSW of the joint studied in this work. Pilchak et al. also reported 
alteration of the microstructure due to dissolution of tungsten debris from a W-Re tool  [50]. 
Besides increasing the local hardness, this dissolution of cobalt and tungsten elements, β-
stabilisers, could also facilitate stabilisation of the β phase resulting in the observed higher β 
phase volume fraction. Prevalence of the debris on the advancing side could be due to the 
aforementioned temperature profile and material movement around the tool in comparison to 
the retreating side. 
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Figure 2-8 Gradation of macro- and microstructure in the 2-pass FSWed al alloy: macrograph, 
(a) BM, (b) HAZ, (c) TMAZ, (d) SZ and (e) DSZ microstructures 
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The local tensile strengths and elongations obtained through the tests on miniature specimens 
(Figure 2-5(b)) are presented in Figure 2-13. Tensile strengths and elongations across the weld 
were approximate to those of the BM except for the AS-SZ specimen which had higher 
strength (about 120% of that of the BM) and lower elongation (85%). This specimen 
corresponds to the region with the banded structure where high scatter in hardness values was 
also observed. The higher yield strength and low ductility of the SZ specimen on the AS could 
also be related to the aforementioned unique microstructure. The microstructural anisotropy; 
fine bi-modal α, lamellar structure and inclusions, could result in a composite structure whose 
constituents have different strengths and deformation behaviors. In these structures the 
preferential plastic deformation along α layers at β grain boundaries has been identified as the 
source of the low ductility [18]. This was corroborated through analysis of the fracture surface 
of the SZ on AS specimen, presented in Figure 2-14, which shows more extensive ductile 
failure in the lamellar structure than that in the fine bi-modal microstructure. 
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   (a)       (b) 
Figure 2-12 Element analysis in the FSWed Ti-6Al-4V on the (a) Retreating side and (b) 
Advancing Side 
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Figure 2-14 Part of the fracture surface of the SZ on AS tensile test specimen 
 
2.4.3.2 Hardness and Tensile Properties of the FSWed AA6063-T5 
The hardness distribution shown in Figure 2-15 for the three locations closely resembles the 
typical “W” shape synonymous with FSWs of heat treatable aluminum alloys by other 
researchers [2].  Noteworthy, the “W” shape profile of the hardness in the mid-thickness area is 
narrower than those of the 1
st
 pass and 2
nd
 pass sides due to the narrower welded area. The 
weld zone has consistently lower hardness than the base metal, indicating deterioration of this 
mechanical property due the thermo-mechanical processing. As shown in Figure 2-15, no 
significant differences were observed in the hardness values of the AS and RS but the hardness 
through the weld thickness showed small differences in the stirred zones; the DSZ had 
marginally lower hardness than the single stirred zones. The position of minimum hardness is 
located in the HAZ and subsequent discussions are made with references to precipitate 
evolution.  
The hardness distribution in Figure 2-15 is consistent with the postulation that the hardness in 
heat-treatable aluminum alloys depends on precipitate size and distribution [2], [23], [43]. The 
heat dissipated into the HAZ is insufficient to cause dissolution of the precipitates but enough 
to promote growth of the stable precipitates [23], [51]. This over-aging of the microstructure, 
formation of large precipitates which are incoherent with the matrix and each other, results in 
the loss in hardness. However, the heat input in the SZ and the TMAZ is sufficient to facilitate 
Monotonic Mechanical Properties and Residual Stresses of FSWed Al and Ti Alloys 
 2016
 
 42 Submitted in partial fulfillment of the Dr. Eng. Course in Mat. Sci. at NUT 
 
dissolution of the precipitates. Some of the hardening needle-shaped precipitates are retained in 
the TMAZ thereby resulting in higher hardness than in the HAZ [23]. Within the SZ, the 
absence of strength enhancing precipitates and the relatively high hardness have led to the 
postulation that the hardness in the SZ is reliant on the fine microstructure [2], [23], [34]. 
Nonetheless, the hardness of the DSZ, having the smallest grain size is marginally lower than 
that of the single stirred zones. This could indicate further precipitate dissolution during the 
second pass in the DSZ. Lee et al. reported this continued decrease in the remnant precipitate 
density upon double stirring of an Al-Cu alloy [34].  
Macro-traction tensile tests were carried out using conventional specimens extracted transverse 
to the weld. In these macro-tests, failure occurred within the HAZ giving a joint efficiency of 
about 70%. This joint efficiency is comparable to that obtained in tests on single pass welds of 
the same alloy [1]. In the tensile tests carried out using the miniature specimens, the variation 
of yield strength with the local microstructure was observed as shown in Table 4. The global 
joint strength obtained through the macro-tests in the transverse direction closely approximates 
the local strength of the lowest strength zone within the weld, the HAZ. Additionally, the use 
of the miniature specimens enabled evaluation of the yield strengths of the thermo-
mechanically affected areas, the SZ and the TMAZ. A linear relationship between the local 
hardness and the local yield strength can be construed from the results hence the distribution of 
the yield strength in the welded area can be attributed to the microstructural evolution as 
articulated for hardness.  
 
Figure 2-15 Hardness distribution in the 2-pass FSWed AA6063-T5 
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Table 2-4 Local tensile strengths in AA6063-T5 weld 
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2.5 CHAPTER SUMMARY 
The microstructure, local tensile properties and residual stresses of the two friction stir welded 
(FSWed) joints are presented in this chapter. The findings can be summarized as follows: 
 In both joints, significant microstructural evolution occurred in the weld affected 
regions where recrystallization occurred in the stirred zones of both joints resulting in 
fine equiaxed grains and smaller grains in the double stirred zone than the SZ of the 2-
pass weld in the AA6063-T5 alloy. In the Ti-6Al-4V, there was heterogeneous 
redistribution of phase volume fractions between the advancing and retreating sides of 
the weld. 
 Residual stresses obtained through the XRD method on electropolished specimens 
extracted from a depth of 0.5 mm from both joints were less than 10 % of the yield 
strengths of the respective materials. 
 Hardness distribution in both joints showed sensitivity to the developed microstructure. 
In the Ti-6Al-4V alloy, the advancing side contained the peculiar, localized lamellar 
microstructure had higher hardness with significant scatter.  The scatter in that region 
could be related to impurities of W and Co observed there. For the aluminum alloy, the 
hardness distribution had the “W” profile for measurements made near both weld pass 
crowns and the mid-thickness region indicating that the 2
nd
 weld pass did not 
significantly affect the microstructure near the 1
st
 weld pass.  
 Data based on local tensile strengths has been got and understood through miniature 
specimens extracted from the different microstructural regions. In the Ti-6Al-4V joint, 
the tensile strengths and ductility in all the regions were comparable except in the 
region containing the localized lamellar microstructure. However, in the AA6063-T5, 
the weld affected regions had lower yield strengths than the BM, with the lowest in the 
HAZ. The hardness of the double stirred zone was comparable to that of the SZ. 
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3. Fatigue Crack Initiation in Friction Stir Welded Ti -6Al-4V 
and in an AA6063-T5 Joint  
 
In the first part of this chapter, work on the local fatigue crack initiation in the FSWed Ti-6Al-
4V carried out on miniature specimens extracted from different microstructural regions is 
discussed. Evaluation of the fatigue crack initiation behavior on a local scale was stimulated by 
the heterogeneity of the microstructure and monotonic mechanical properties reported in 
Chapter 2. In the latter part, the fatigue crack initiation behavior of the 2-pass FSWed 
AA6063-T5 joint is presented.  
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3.1 INTRODUCTION 
Research on the fatigue behavior of FSWed titanium alloys is still in its infancy stages. In the 
few studies available, the fatigue performance of Ti FSW joints was found to be generally 
comparable to that of wrought materials in agreement with assertions that the fatigue behavior 
of titanium alloys is significantly influenced by the thermo-mechanical history [1]–[4]. Sanders 
et al. [2] found that, on machined specimens, FSWed Ti-6Al-4V specimens showed no 
reduction in fatigue strength compared to Ti-6Al-4V extrusions and wrought mill annealed 
specimens and Pilchak and Williams [4] reported an increase in fatigue life after friction stir 
processing (FSP) of investment cast and hot isostatic pressed Ti-6Al-4V. On the other hand, 
Edwards and Ramulu reported a 50 % reduction in the fatigue life [3].  These differences could 
highlight the need to generate more data for a better understanding of the fatigue behavior. 
Based on the heterogeneous monotonic mechanical properties observed in both joints in this 
work, reported in chapter 2, it might be prudent to study the localized fatigue crack initiation 
behaviors.  
In the investigations carried out on the fatigue behavior of  single pass friction stir (FS) welds 
of aluminum alloys, the fatigue strength of the weld affected area has been found to be lower 
than that of the base metal [5]–[10]. This difference has mainly been attributed to the lower 
fatigue crack initiation life of the FSWed areas [11], [12]. On the other hand, the fatigue 
strength of FSWed joints is reported to be higher than that of joints produced by conventional 
fusion welding techniques mainly in the 6xxx alloys [13]–[15]. However, there is very limited 
information on the fatigue crack initiation and fatigue strength of 2-pass FS welds of aluminum 
alloys in the open sources, only one report could be identified [16]. In their work on DH36 
steel, McPherson et al. [16] found higher fatigue life in double-sided 2-pass FSWed DH36 
steel plates compared to single pass FS welds and double sided submerged arc welds (SAW) of 
the same material.  
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3.2 FATIGUE CRACK INITIATION IN FSWED Ti-6Al-4V 
3.2.1 Experimental Procedure 
Fatigue crack initiation behaviors were investigated on a local basis through notched miniature 
specimens extracted as illustrated in Figure 3-1. The specimens were extracted with reference 
to the observed microstructure (subsection 2.4.1.2) and to match extraction locations of some 
of the specimens used in the tensile tests (subsection 2.3.4). The specimen nomenclature was 
similarly based on the microstructural region of extraction and the weld side, Figure 3-1. Semi-
circle edge notches with a radius of 1 mm were machined in the middle part of the specimen 
gage length to promote localized crack initiation. The specimen geometry is presented in 
Figure 3-2. For the circular notch, a notch concentration factor, Kt, of 2.5 was used in the 
calculation of stress at the notch root. The specimen surfaces were polished to P1000 grit finish 
to avoid crack initiation from the rough edges of the notch and polishing within the notch was 
carried out to P4000 grit finish. Fatigue tests at maximum applied stress of 670 MPa and stress 
ratio, R, of 0.1 were conducted at a loading frequency, f, of 1 Hz on a Yonekura 
electromechanical testing machine with a mounted optical microscope. Crack observation was 
carried out in-situ through the optical microscope and early crack growth was further 
confirmed by analysis of the video footage obtained from a digital video camera mounted onto 
the optical microscope. The experimental set-up is shown in Figure 3-3. The fatigue initiation 
life was defined as the number of cycles at a crack length of 200 μm. The crack length of 200 
μm was considered to be short enough to exclude significant macroscopic fatigue crack 
propagation and long enough to be measured sufficiently accurate in all specimens.  
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Figure 3-1 Extraction of miniature specimens for fatigue crack initiation tests 
 
Figure 3-2 Geometry of the miniature notched specimen 
 
Figure 3-3 Experimental set-up of the fatigue crack initiation with in-situ crack monitoring 
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3.2.2 Results and Discussions 
The fatigue crack initiation lives obtained through the notched miniature specimens are 
presented in Figure 3-4. The microstructural regions showed marked differences in fatigue 
crack initiation lives to reach a crack length of 200 μm. The crack initiation lives in the weld 
affected specimens were lower than those in the base metal, the only exception is the specimen 
extracted from the SZ on the RS. Noteworthy is that the specimen extracted from the SZ on the 
AS gave the shortest fatigue crack initiation life whilst that from the SZ on the RS gave the 
highest fatigue crack initiation life. The differences in the fatigue crack initiation behavior in 
these two regions will be discussed first.  
The microstructure in the SZ on AS specimen was heterogeneous; containing base metal 
microstructure and the banded microstructure which was discussed in subsection 2.4.1.2. In 
this heterogeneous structure, the crack initiation occurred in the base metal region. Both 
macroscopic and microscopic SEM images showing crack initiation in the base metal region of 
the SZ on AS specimen are presented in Figure 3-5. Fatigue crack initiation is considered to be 
largely due to different amounts of net slip on different planes during cyclic loadings [17], [18]. 
The nature of slip and correlation with the microstructure can be understood from 
fractographic analysis. In the SZ on AS specimen, the dominant features near the crack 
initiation location were planar facet features, Figure 3-6. Facet formation on fracture surfaces 
of titanium alloys relates to fracture along crystallographic planes in the HCP α phase [19], 
[20]. Hence, the crack in the SZ on AS specimen is thought to have initiated in the α grains of 
the base metal. Crack initiation in the α grains of the base metal, not in the banded 
microstructure, could be related to the α grain size. Fatigue crack initiation in titanium alloys 
has been shown to be influenced by the size and morphology of the α grains which, determines 
the slip length [19]–[25]. Lutjering carried out systematic analysis to show that; in mill 
annealed α + β titanium alloys, crack initiation is influenced by the grain size of the primary α 
whereas in bi-modal and lamellar microstructures it is influenced by the α colony size, where 
in both cases, larger microstructural length scales promote earlier crack initiation [19], [26]. 
The size of primary α grains in the base metal in this work is about 15 μm and that of the α 
grains in the banded structure of the stirred area is 3 μm, thereby promoting crack initiation in 
the base metal. However, the fatigue crack initiation life in this, SZ on AS, specimen was 
significantly shorter than that in the monolithic BM specimen, Figure 3-4. This difference 
could be due to strain accumulation, ratchetting, on the interfacial region in the SZ on AS 
specimen due to the heterogeneous microstructure. As shown in subsection 2.4.3.2, the banded 
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structure has higher strength and lower ductility than the base metal such that the two regions 
could have different deformation behaviors under cyclic loading. Stinville et al. found, through 
digital image correlation, local strain accumulation in the softer region near the interface of a 
linear friction welded Ti–6Al–4V [27]. The strain incompatibility between the β lamellar and 
BM microstructure of the SZ on AS specimen could have contributed to the early crack 
initiation. 
The SZ on RS specimen had the highest resistance to fatigue crack initiation at 670 MPa, crack 
initiation did not occur after 10
6
 cycles. The maximum stress was then raised to 800 MPa and 
the crack initiation and short crack growth data under this loading condition is shown in Figure 
3-7. The high fatigue crack initiation resistance of the SZ on AS could be related to the fine 
microstructure. The SZ on AS specimen had the evolved fine bi-modal α\β microstructure with 
alpha grains of about 3 μm, presented in section 2.4.1.2. As discussed in the preceding 
paragraph, the size of the α grains controls the slip lengths and subsequently the fatigue crack 
initiation life [19], [21]. Furthermore, the SZ on RS specimen was made up of a homogeneous 
α\β bi-modal structure hence, unlike in the SZ on AS, the effect of deformation constraints and 
local strain accumulation are expected to be insignificant. Similarly, the BM specimen was 
made up of monolithic base metal microstructure and these two specimens; the SZ on RS and 
BM, gave considerably higher fatigue crack initiation lives than those of the specimens with 
heterogeneous microstructures. This could further indicate the deleterious effect of localized 
microstructural heterogeneity on fatigue crack initiation in the FSWed Ti-6Al-4V. An attempt 
to quantify the effect of this heterogeneity was made by formulating a heterogeneity parameter 
based on differences in ductility, obtained through the local tensile tests, between the 
microstructures: 
ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟, 𝜀𝐻 =  
𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑟𝑒𝑔𝑖𝑜𝑛 1
𝑑𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑟𝑒𝑔𝑖𝑜𝑛 2
                   (3-1) 
The fatigue crack initiation lives were thus analyzed with respect to the heterogeneity 
parameter as shown in Figure 3-8. The fatigue crack initiation lives show a sharp decrease with 
increase in the ductility-based heterogeneity parameter. This could indicate high sensitivity of 
the fatigue crack initiation life to the localized strain accumulation. Even in crystals 
unfavorably oriented for crack initiation, due to the strong elasto-plastic anisotropy of HCP α 
phase, the strain accumulation could result in slip transfer as proposed in the dislocation pile-
up model by Stroh thereby promoting early crack initiation [28], [29].  
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In Figure 3-9, it can also be seen that the homogeneously structured SZ on RS and the 
monolithic BM, both with heterogeneity parameter of 1, have significantly different fatigue 
crack initiation lives. The higher crack initiation resistance in the SZ on RS could, as discussed 
earlier, be due to the smaller size of α grains. The influence of α grain size can be estimated 
through a Hall-Petch relationship-based analysis of the correlation between the grain size and 
the number of cycles to initiation; presented in Figure 3-9. Considering the SZ on RS and the 
BM specimens only, the relationship of high fatigue crack initiation resistance for smaller α 
grain size is confirmed, indicating that α grain size could play a role. In the other specimens, 
all of which possessed heterogeneous structures, the trend could not be established; here, it is 
thought that in these specimens the aforementioned heterogeneity plays a more significant role 
than the α grain size. 
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(b)       (c) 
Figure 3-5 (a) Macroscopic SEM image showing crack initiation location in the SZ on AS 
specimen (b) crack in the base metal region (c) banded microstructure on one side of the 
specimen 
                
Figure 3-6 Fracture surface of the SZ on AS specimen (a) Macro-fractograph showing crack 
initiation location (b) Higher magnification of the initiation point showing faceted fracture 
features. 
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Figure 3-7 Fatigue crack initiation and early fatigue crack growth in the SZ on RS specimen of 
the FSWed Ti-6Al-4V at σmax of 800 MPa 
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Figure 3-9 Role of alpha grain size on fatigue crack initiation resistance 
 
3.3 FATIGUE CRACK INITITATION IN THE 2-PASS FSWED AA6063-T5  
3.3.1 Experimental Procedure 
Smooth cylindrical specimens, extracted from the 2-pass FSWed joint as illustrated in Figure 
3-10, were used to investigate the global fatigue behavior of the joint through rotating bending 
fatigue tests (RBFT).  This test enables fully reversed loading (stress ratio, R = -1) with 
uniform bending moment and constant load amplitude. Here, the specimen axis is aligned 
transverse to the welding direction. A Shimadzu Ono type rotating bending fatigue testing 
machine was used. The specimens were polished to P2400 grit finish for easier crack detection 
through the replication method. Replicas were initially taken at 50,000 cycles intervals and the 
sampling rate was then increased to 10,000 cycles intervals as the total number of cycles 
approached 50 % of the expected life. The tests were carried out at a frequency of 40 Hz and 
stress levels ranging from 60 MPa to 140 MPa. Crack initiation life was defined, in a similar 
way to that in the work on the titanium alloy described in section 3.2.1, as the number cycles to 
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Figure 3-10 RBFT Specimen extraction and geometry 
 
3.3.2 Results and Discussions 
The fatigue lives of the FSWed joint and base metal as obtained from the RBFT on smooth 
cylindrical specimens are presented in the stress-number of cycles (S-N) curve in Figure 3-11. 
The fatigue crack initiation life, the number of cycles at which a crack of 200 μm was observed, 
is represented in Figure 3-11 for the FSWed specimens and base metal as i-FSW and i-BM, 
respectively. Data for the fatigue lives to failure corresponding to the reported fatigue crack 
initiation lives is also presented. The fatigue crack initiation life of the FSWed specimens was 
consistently less than, about 20 % - 70 %, that of the BM at all stress levels. However, no trend 
could be established between the differences in the fatigue crack initiation lives of the FSW 
and BM with the change in the stress level. Nonetheless, all the tests are thought to represent 
behavior under high cycle fatigue regime. The initiation and final fracture in the FSWed 
specimens was confined to the interface between the weld and the base metal. A post fracture 
macro-etched FSW specimen, shown in Figure 3-12 indicates the fracture location. Based on 
the net slip approach introduced in 3.2.2, irreversibility of shear displacements along the slip 
bands results in the formation of micro-notches; thus crack initiation [18], [30]. From a 
microstructural viewpoint, structures that enable high slip irreversibility therefore promote 
crack initiation – HCP α phase in Ti-6Al-4V (subsection 3.2.2). In heat treatable aluminum 
alloys such as the AA6063, slip irreversibility is mainly influenced by the precipitate size and 
distribution [31]. The HAZ microstructure has been reported to contain coarse unshearable 
second phase particles which can prohibit slip reversibility more than the adjacent 
microstructure (BM) which has shearable precipitates that enable dislocations to pass through 
[18], [30], [32]–[34].  Also, the presence of large precipitate free zones (PFZ) near  
FSWed area Welding directions 
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Figure 3-11 S-N Curve showing fatigue crack initiation and ultimate life of the BM and the 2-
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the grain boundaries has been reported to increase the probability of intergranular crack 
nucleation [18]. This can be considered to increase the favorability of crack nucleation in the 
HAZ where high intergranular precipitation with increased volume of PFZ has been reported 
[32], [35]. From a mechanistic point, the low yield strength of the HAZ (subsection 2.4.3.1) 
implies that plastic straining and, subsequently, dislocation density are highest in this region.  
This heterogeneity factor has already been discussed in depth based on the localized 
heterogeneity in the Ti-6Al-4V FSWed, subsection 3.2.2. In the aluminum alloy, the 
mechanical constraints can increase the chances of dislocation annihilation within the slip 
bands; a phenomenon linked to the formation of vacancies and promotion of slip irreversibility 
along persistent slip bands (PSBs) [18].   
The possible mechanisms dictating favorable crack initiation and resulting in the low fatigue 
strength of HAZ show close relation to the observed microstructure and local monotonic 
strength as proposed for the Ti-6Al-4V FS weld as well. Based on these similarities, it was 
thought that the observations made at local scale in the Ti-6Al-4V FS weld and those made 
through global joint tests in the AA6063 weld were sufficient to understand the crack ignition 
behavior in the 2-pass without carrying out localized tests on miniature specimens. However, 
upon propagation, the cracks could eventually interact with other microstructural regions hence 
fatigue crack propagation tests were carried out on a local scale for both welds and this work is 
presented in the next Chapter.   
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3.4 CHAPTER SUMMARY 
In this chapter, the fatigue crack initiation behavior in both the single-pass FSWed Ti-6Al-4V 
alloy and the 2-pass FSWed AA6063-T5 alloy were investigated. The crack initiation behavior 
in the aluminum alloy was investigated through macroscopic specimens providing information 
on the overall joint performance. On the other hand, based on the heterogeneous monotonic 
properties of the FSWed Ti-6Al-4V reported in Chapter 2, the fatigue crack initiation tests 
were carried out on a local scale through miniature specimens. The following conclusions can 
be drawn: 
 In the FSWed Ti-6Al-4V alloy, fatigue crack initiation lives were significantly different 
across the weld. The longest fatigue crack initiation life was obtained in the 
homogeneous, fine bi-modal structure of the stirred zone which was longer than that of 
the base metal. The shortest fatigue crack initiation life was near the interfacial region, 
on the advancing side, in the region containing significantly heterogeneous 
microstructure. The fatigue crack initiation lives in the weld appear to be dictated by 
both the effective slip length, α size in homogeneous structures, and mechanical 
constraint effects, in heterogeneous structures. 
 
 The fatigue crack initiation lives in the FSWed AA6063-T5 were shorter than, about 
40 %, those of the base metal. In the FSWed specimens, crack initiation occurred in the 
HAZ and the influence of the second weld pass could not be established. Crack 
initiation in HAZ was considered from both microstructural and mechanical aspects of 
the overaged, low strength HAZ microstructure. It was postulated that mechanical 
constraint effects, due to heterogeneity in the mechanical properties of the HAZ, the SZ 
and the BM, could also play a role as articulated for the Ti-6Al-4V weld. 
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4 Fatigue Crack Propagation Behaviors of a One-Pass FSWed 
Ti-6Al-4V and a 2-Pass FSWed AA6063-T5  
 
Work on the fatigue crack propagation (FCP) behavior of the various microstructural regions 
of the two friction stir welded (FSWed) joints is presented in this Chapter. In both joints, the 
FCP kinetics were evaluated for cracks propagating parallel to the weld direction such that for 
a particular specimen, the crack was propagating through a locally homogeneous 
microstructure. Together with providing data on the FCP behavior of the global welded region, 
these tests could also enable assessment of the role of different microstructures on FCP 
kinetics. In the FSWed Ti-6Al-4V, FCP tests were done on C(T) specimens extracted from 
different microstructural zones. Studies were also carried out to measure the FCP kinetics in 
post-weld heat treated specimens to obtain an insight into the influence of residual stresses on 
the FCP kinetics of the weld affected regions. The FCP tests in the 2-pass FSWed aluminum 
alloy joint were also carried out on multiple specimens enabling evaluation of the FCP 
behavior of 11 microstructural zones of the significantly graded double-sided 2-pass joint.  
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4.1 INTRODUCTION 
In the reports on fatigue behavior of FSWed titanium alloys available in open sources, more 
focus has been put on the role of residual stresses than the microstructure. John et al. [1] and 
Pasta and Reynolds [2] showed residual stress effects in the Fatigue crack propagation (FCP) 
behavior parallel and orthogonal to the weld in Ti-6Al-4V friction stir welds, respectively. 
John et al. [1] measured transverse residual stresses through the X-ray diffraction (XRD) 
technique and reported a distribution with peak compressive stresses in the weld center and 
tensile residual stresses in the heat affected zone (HAZ). In FCP tests, they [1] obtained higher 
FCP rates in the HAZ and attributed this to the aforementioned tensile residual stresses. Pasta 
and Reynolds [2] used the cut compliance technique to measure the longitudinal residual 
stresses in a Ti-6Al-4V FSW and reported peak tensile stresses in the stirred zone (SZ) flanked 
by compressive residual stresses on both the advancing  side (AS) and retreating side (RS). 
FCP tests were carried out for cracks propagating orthogonal to the weld direction and an 
increase in the FCP rate was observed for cracks approaching the SZ. This increase was 
correlated to the tensile residual stresses in the SZ. However, such influences of residual 
stresses can be easily be altered, the case in most engineering applications, through heat 
treatments after which the evolved microstructure is expected to play a major role on the FCP 
behavior. These considerations were made by Pao et al., in their work on the FCP in FSWed 
Ti-5111 [3]. Through comparison of the FCP behavior in specimens prepared at different FSW 
conditions and also some exposed to post-weld heat treatment, they deduced that at near-
threshold ΔK levels, the microstructure played bigger role than the residual stresses. However, 
the residual stress distribution was not measured but tacitly estimated by comparing the 
behaviors of the as-welded and the stress relief annealed specimens.  
Despite the longer history of FSW of aluminum alloys, there are even fewer reports on the FCP 
behaviors of multi-pass (more than one pass) welds. In work on FSWed 5052 aluminum alloy, 
Buahombura [4] compared the FCP behaviors of stirred zones (SZs) of single-pass and double-
pass FS welds. They [4] found FCP rates in the double-pass SZ to be comparable to those of 
the BM but higher than those of the single-pass SZ and discussed these observations with 
reference to fatigue crack closure levels. To the best of the author’s knowledge, this [4] is the 
only available report on the local fatigue crack propagation behavior of double sided, 2-pass 
FSWed aluminum alloy. 
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4.2 EXPERIMENTAL PROCEDURES 
4.2.1 Fatigue Crack Propagation Tests on the FSWed Ti-6Al-4V 
The FCP rates were measured on compact tension (CT) specimens with initial notches in the 
BM and the weld affected regions: SZ, IZ and HAZ (Figure 4-1(a)). The specimens from the 
weld affected areas were extracted from a depth of 0.4 mm from the top (plunge) surface (L-T 
plane) to minimise heterogeneous surface effects. In the SZ region another specimen was 
extracted from a depth of 2.4 mm, hereafter referred to as the SZ mid-thickness, to assess the 
variation of FCP behavior with depth. FCP tests were also carried out on a post-weld heat 
treated (PWHTed) specimen with an initial notch in the SZ. The post-weld heat treatment 
(PWHT) was done at 650 °C for two hours in argon gas environment followed by furnace 
cooling. The CT specimen geometry is shown in Figure 4-1(b). All FCP tests were done at 
room temperature (RT), a load ratio, R, of 0.6 and loading frequency of 20Hz. In-situ crack 
length monitoring and measurement was done through a travelling digital microscope 
continuously focused on the specimen surface. The so-called ΔK decreasing method, where 
ΔK is the stress-intensity factor range, was employed for the test according to ASTM standard 
E647 [5]. Here ΔK was evaluated through:   







(0.886 + 4.64𝛼 − 13.32𝛼2 + 14.72𝛼3 − 5.6𝛼4)                 (4-1) 
where ΔP is the force range, B is the specimen thickness, W is the width of the specimen 
measured from the loading point and  α is the normalized crack length a/W.  
4.2.2 Fatigue crack propagation tests on FSWed AA6063-T5 
In FCP tests on the aluminum alloy, to maintain low stress triaxiality ahead of the crack, center 
notched specimens were used instead of C(T) specimens [6]. The initial notches were also 
machined in the longitudinal direction, Figure 4-2. The positions of the initial notches relative 





 are included for labelling the specimens extracted from the first pass side 
and second pass side whereas the suffixes AS and RS are used to distinguish between the 
advancing and retreating sides, respectively.   
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Figure 4-1 (a) Extraction and nomenclature of the CT specimens (b) CT specimen dimensions 
 
Figure 4-2 A schematic of the extraction of the center notched specimens and their respective 
nomenclature which is related to the position of the initial notch.   
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For example, the 1
st
 HAZ-RS specimen has the initial notch on the retreating side (RS) of the 
heat affected zone (HAZ) of the first (1
st
) pass side, and the 2
nd 
TMAZ-AS is the specimen 
with an initial notch on the advancing side (AS) of the thermo-mechanically affected zone 
(TMAZ) of the second (2
nd
) pass weld. The FCP behavior of the double stirred zone (DSZ) in 
the mid-thickness area was also investigated using the specimens denoted as DSZ. The gage 
length, width, and thickness of the FCP test specimens used were 90 mm, 30 mm and 5 mm, 
respectively. Initial notch length was 5 mm with a radius of 0.1 mm. The cyclic loading was 
done at R of 0.1 and frequency of 25 Hz. The test environment, crack monitoring and ΔK 
control methods were similar to those employed for the tests on Ti-6Al-4V. ΔK was computed 
as [5]: 









)                                                 (4-2) 
where ΔP, B, W are as defined under Eq. 4-1 and  α is the normalised crack length a/W  
4.3 RESULTS AND DISCUSSIONS 
4.3.1 Fatigue Crack Propagation in FSWed Ti-6Al-4V 
The FCP kinetics in the BM and the FSWed specimens of the Ti-6Al-4V alloy, obtained 
through tests on the C(T) specimens extracted as shown in Figure 4-1, are presented in Figure 
4-3. The propagation rates in the SZ and IZ regions were higher than those in the BM, whereas 
those in the HAZ were similar to the BM FCP rates. These differences were more defined at 
low ΔK levels hence the threshold stress-intensity factor range for fatigue crack growth, ΔKth, 
was lower in the SZ and IZ than in the BM and HAZ. For the SZ specimens, there was no 
significant difference between the FCP rates in the specimen extracted near the weld crown 
(SZ Top) and that from the mid-thickness area (SZ Mid-thickness). Similarly, no significant 
differences were observed between the FCP rates of the SZ and those of the IZ specimens. A 
comparison of the crack growth kinetics in the as-welded SZ specimen and the corresponding 
post-weld heat treated (PWHTed) specimen is shown in Figure 4-4. The FCP rates in the two 
states were almost identical. This indicates that the residual stresses had an insignificant effect 
on the FCP rates in the as-welded specimens. 
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Figure 4-3 Fatigue crack propagation rates in the BM and weld affected regions of the as-
welded specimens 
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4.3.1.1 Role of Microstructure on the FCP in FSWed Ti-6Al-4V 
To assess the role of the microstructure; initially, the crack paths were analyzed. The crack 
profiles observed on the surfaces of the CT specimens were dissimilar for the regions with 
refined microstructure (SZ and IZ) and those with unaltered microstructure, the BM and HAZ, 
Figure 4-5. The cracks in the SZ and IZ exhibited smooth crack profiles whereas those in the 
BM and HAZ were torturous with periodic kinks of about 20 μm. The kinks were found to 
correlate with the size of the α grains in the BM, Figure 4-5(a). Crack deflection occurred at 
alpha grain boundaries, interspaced with linear propagation within the grain. This behavior is 
discussed later in this section with reference to fracture surface features. The cracks 
propagating across the banded structure of alternating lamellar and bi-modal microstructure in 
the IZ on AS specimen also showed interactions with the microstructural bands, Figure 4-5(c). 
While the cracks were nominally linear through the fine bi-modal microstructure, crack 
deflection occurred on approaching the lamellar structure. Here, the cracks followed grain 
boundary α in the lamellar microstructure and thus the tortuosity was not as defined as that in 
the BM due to differences in the microstructural length scales. A typical fractography from the 
banded region is given in Figure 4-6 where intermittent river pattern features associated with 
fracture of the HCP α in Ti alloys are circled. Fractographies of the BM and the SZ specimens 
are also shown in Figure 4-7(a) and (b), respectively, to indicate the differences in the fracture 
features. The BM had a rough fracture surface that consisted of facets, river patterns (quasi-
cleavage) and limited striation formation, indicated in Figure 4-7(a) by green, red and blue 
arrows, respectively. On the other hand, the SZ had a smooth fracture surface with ductile 
tearing features, Figure 4-7(b). As alluded to in Chapter 3, facet formation and quasi-cleavage 
fracture in near-alpha Ti alloys, Figure 4-6 and Figure 4-7(a), are known to result from failure 
of the material along favorably oriented basal slip planes of the HCP structured α. Crack 
growth along the slip planes gives a short-range straight profile of the crack during intra alpha 
grain propagation, as seen in Figure 4-5(a). However, due to differences in orientations 
between the grains; at grain boundaries, the crack deflects onto a favorable plane of the 
neighboring grain hence the periodicity of the kinks corresponds to the grain sizes [7]–[9]. In 
contrast, the fracture surface of the α/β bi-modal SZ showed ductile tearing with insignificant 
faceting, Figure 4-7(b). This is because the cyclic crack tip plastic zone size is larger than the 
grain size in this region hence multiple α/β boundaries, which are sites of void nucleation due 
to strain accumulation, are fractured at the same time [10]. The fracture mechanisms in both 
the BM and the welded areas could thus be influenced by the morphology of the crack tip 
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microstructure. These heterogeneities in crack paths could contribute to the differences in FCP 
kinetics. 
Crack path tortuosity, such as that observed in the BM and HAZ specimens, has been shown to 
result in a decrease of the crack driving force, when evaluated through the effective or 
equivalent stress intensity factor range, ΔKeff or ΔKeq, respectively [7], [11], [12]. The decrease 
in the crack driving force can be due to either premature contact between the uneven crack 
surfaces during unloading (ΔKeff) or decrease in the stress component perpendicular to the 
inclined crack plane (ΔKeq). Premature contact between the crack surfaces results in roughness 
induced crack closure where the cyclic tensile load range is reduced, this condition is prevalent 
under low load ratios [11], [12]. In this work, the effect of this extrinsic factor was minimized 
by employing a load ratio, R, of 0.6. It is, however, worthwhile to consider the decrease in the 
tensile stress component normal to the inclined crack plane, ΔKI. The crack deflection also 
introduces a shear stress component, acting parallel to the crack surfaces, at the crack tip. This 
results in the so-called mixed mode condition. An approximation of the effect of the mode-
mixity on the equivalent stress-intensity factor (ΔKeq) can be obtained through the coplanar 
maximum strain energy release rate theory [11]. In the schematic in Figure 4-8(a), ΔKeq at the 
tip of a kink of length b can be approximated through: 
∆𝐾𝑒𝑞 =  (𝑘1
2 +  𝑘2
2)
1
2⁄                                                                (4-3) 
and upon factoring k1 and k2 from 1
st
 order solutions of the angular functions, 
∆𝑲𝒆𝒒 = ∆𝐾𝐼 ([𝑐𝑜𝑠
3(𝛼 2⁄ )]
2






                                  (4-4) 
is obtained, where α is the kink angle as shown in Figure 4-8(a). This formulation enables 
evaluation of ΔKeq at the tip of the first kink only. For the multiple kink, zigzag crack, observed 
in the current work, the above model can be augmented by work carried out by Isida to 
evaluate weight functions of zigzag cracks [13]. 
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Figure 4-5 Crack profiles on: (a) BM specimen with schematic of the zigzag crack with 
approximated kink angle of 45° and (b) SZ specimen (c) IZ on AS specimen (Note: 
different magnification from (a) and (b)) 
Fatigue Crack Propagation Behaviors Of a One-Pass FSWed Ti-6Al-4V and a 2-Pass FSWed 
AA6063-T5  2016
 
 76 Submitted in partial fulfillment of the Dr. Eng. Course in Mat. Sci. at NUT 
 
   
(a)       (b) 
Figure 4-6 Fractography of the IZ on AS specimen at ΔK of 3.6MPa√m: (a) low 
magnification showing the banded river pattern features (b) higher magnification of 
structure B in (a) 
  
Figure 4-7 Fractographies of the: (a) BM specimen and (b) SZ specimen. 
                 
Figure 4-8 Schematic of a (a) kinked [11] and (b) zigzag crack [13] 
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Figure 4-9 FCP rates replotted with reference to ΔKeq for BM, where ΔKeq is evaluated 
through Eq 4-5. 
A schematic of the zigzag crack is shown in Fig. 14(b). Isida found that for α =45° the weight 
functions F’, where F’ is: 
𝑭′ =  
𝐾
𝜎√𝜋𝑐
                                                                          (4-5) 
for c = Nb, and N is the n
th
 kink, does not vary significantly with N (from N = 1 to N = 6, F’ 
varies only by about 0.7%) [13]. The ΔKeq obtained from Eq. 4-5 was then extended to the 
zigzag crack, assuming kink angles of 45°, and the FCP rates were replotted with reference to 
ΔKeq, Figure 4-9. The difference between the FCP rates of the BM and SZ is considerably 
reduced, this indicates that crack deflection to influence FCP behavior even at high R ratio. 
Nevertheless, the FCP curves did not fully converge into a unique plot, this could be due to 
differences in intrinsic failure mechanisms. 
Apart from grain size refinement, there was also an increase in the β phase volume fraction in 
the SZ and IZ. This increase in the β phase, which has a lower Young’s modulus than that of 
the α phase, could alter the local Young’s modulus in these regions [14]–[16]. Considering 
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(CTOD), which is expressed by 𝐾
2
𝐸𝜎𝑦𝑠
⁄ , lower Young’s modulus would imply higher crack 
tip straining and subsequently higher FCP rates in the SZ and IZ. It is postulated that higher 
compliance of the β-enriched area could promote higher FCP rate mainly in the IZ on AS 
specimen where the crack propagates through the banded microstructure. However, the FCP 
rate in the banded structure was similar, not higher, to that in the SZ. This could be due to the 
opposing effects of the crack path tortuosity (Figure 4-5(c)) and the decrease in Young’s 
Modulus. A summary of these interactions with respect to the microstructural regions is 
presented in Table 4-1. 
Table 4-1 Microstructural factors considered in relation to the FCP kinetics in Ti-6Al-4V 
  BM SZ IZ on AS IZ on RS HAZ 
crack path  rough smooth medium smooth rough 
β vol. fraction low medium high medium low 
da/dN - high high high - 
 
4.3.2 Fatigue Crack Propagation in FSWed AA6063-T5 
The FCP rates, da/dN, in the BM and the FSWed specimens of the AA6063-T5 alloy are 
shown in Figure 4-10(a) as a function of the stress-intensity factor range, ΔK. These results 
were obtained through tests on the center notched specimens, extracted as shown in Figure 4-2. 
In Figure 4-10(b) prior results obtained in the TMAZ of a one-pass weld of the same material 
are presented together with representative data from the 2-pass weld [17]. The data presented 
in Figure 4-10(b) provide a fair representation of the FCP behavior observed in the respective 
welds, microstructural zones and weld pass side with better clarity. In the 2-pass weld, in all 
cases the FCP rates in the weld zone were significantly higher than those in the BM and the 
highest FCP rates were generally in the HAZ and the DSZ. A comparison of the FCP rates 
within the HAZ, Figure 4-10(c), shows higher sensitivity of the FCP rate to the tool rotation 
direction than the weld pass where higher rates were recorded on the retreating sides of both 
passes. This trend was similar to that obtained in previous work on a single pass FSW of the 
same alloy [17]. The FCP rates in the TMAZs showed less scatter with marginal differences on 
the different sides. It is also notable that the FCP rates in the 1
st
 SZ and the 2
nd
 SZ fall within 
the same scatter band as the TMAZs of both the cited one-pass and two-pass welds, Figure 
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4-10(b). However, the double stirred mid-thickness area (DSZ) showed FCP rates higher than 
those of the SZs.  
The fatigue crack propagation test results, Figure 4-10(b), indicate that the thermo-mechanical 
process of FSW deteriorates the fatigue crack propagation resistance of the material to 
different extends depending on the distance from the tool axis. It is known that the FCP in 
welded materials can be influenced by the thermal history of the material [18]. For aluminum 
alloys, the precipitate size and their coherency have been mentioned as the dominant factors 
[19]. The high FCP rates in the HAZ have therefore generally been attributed to the incoherent 
precipitates observed in the over-aged microstructure in this zone [20]. 
As presented in Figure 4-10(c), the FCP rates on the RS of the HAZ were higher than on the 
AS for specimens extracted from both the 1
st
 pass side and the 2
nd
 pass side. Considering that 
insignificant mechanical deformation of the material occurs in the HAZ, the difference in 
behavior can thus be attributed to the thermal history. Temperature measurements in the HAZ 
during FSW of the same alloy indicated higher peak temperatures on the AS than on the RS 
[17]. It can therefore be construed that the differences in FCP rates between the AS and RS in 
the HAZ was due to the reported differences in peak temperatures which would result in 
inherent microstructural differences. 
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Figure 4-3 (b) Representative FCP kinetics of the FSWed AA6063-T5 
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Other researchers have discussed this behavior with regards to the residual stresses [1], [21], 
[22]. However, in prior work on a one-pass FS weld (fabricated under the same conditions) of 
the same alloy, the FCP kinetics of PWHTed specimens were found to be comparable to those 
of the as-welded [17]. These results correlate well with the low magnitude of residual stresses 
obtained from measurements reported in subsection 2.4.2.   
4.3.2.1 Role of Microstructure in the Double Stirred Zone 
As discussed in Chapter 2 (2.4.1.2), both the DSZ and the single stirred zones (1
st
 SZ and 2
nd
 
SZ) are comprised of recrystallized microstructures and the noted differences were in grain 
size. The role of the grain size on the FCP rates of the DSZ and the SZ, Figure 4-10(a), is 
considered next. It has been proposed that smaller grain size reduces localized strains along 
slip bands thereby decreasing the amount of irreversible slip [23], [24]. This would, contrary to 
the results, imply lower FCP rates in the finer-grained DSZ. To account for these differences in 
the FCP rates, fractography was carried out.  Fracture surfaces of the center notched specimens 
were observed using the SEM. As given in Figure 4-11, it was found that the FCP in the BM 
and HAZ was associated with transgranular mode, Figure 4-11(a) and Figure 4-11(b). On 
account of the similarities in the failure mechanisms, the higher FCP rates in the HAZ might be 
related to the over-aged microstructure as discussed in subsection 2.4.1.2. On the contrary, the 
fracture surfaces in the DSZ and SZ show predominantly intergranular crack propagation mode, 
Figure 4-11(c) and Figure 4-11(d). This fracture mechanism could override the mechanisms of 
slip thereby eliminating the benefits of fine microstructure and coherent precipitates on fatigue 
crack propagation [25]. Nonetheless, residual dislocations have also been observed in the 
recrystallized SZ and it has been suggested that these could indicate an unstable structure 
formed after extended dynamic recovery [26], [27]. Lee et al. found less concentration of 
precipitates, higher dislocation density and higher fraction of low angle grain boundaries in 
double-stirred than in single-stirred 2219 Al alloy [23]. The DSZ microstructure could 
therefore contain higher energy and larger PFZ than the SZ which could contribute to the low 
FCP resistance.  As suggested from these observations, it is sure that the microstructure plays 
an important role in the fatigue crack propagation behavior of 2-pass FSWed joints. 
4.3.2.2 Thermal Reach of the Double-Sided Two-Pass FSW 
Based on the above discussions and both the macrostructure and the hardness profile 
(subsection 2.4.1.2 and 2.4.3.2), the areas affected by the heat from both passes must be as 
shown in the schematic in Figure 4-12. This projection indicates that the HAZs of the two weld 
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passes only interact in the mid-thickness area (iv), and thus the areas with the initial notch 
positions of the HAZ specimens were affected by heat from only one weld pass, just like in the 
conventional one-pass welds. This would then explain the similarity in the FCP behavior of the 
1
st
 pass and 2
nd
 pass HAZ specimens shown in Figure 4-10(c). From these findings, it is 
postulated that double-V, 2-pass FS welds of titanium alloys could be fabricated for 
components with large thicknesses without significant loss of FCP resistance. Due to the lower 
thermal conductivity of titanium alloys [28], interaction of the heat affected zones of the two 
passes is expected to be even smaller than that proposed for the aluminum alloys in the 
schematic in Figure 4-10. Therefore, outside the DSZ, the fatigue behavior is expected to be 
comparable to that of the single-pass welds. 
   
       
Figure 4-11 SEM fractographs showing fracture features.  
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Figure 4-12 Schematic illustration of the SZs and the HAZs based on the microstructural 
analysis and evaluated mechanical properties.  
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4.4 CHAPTER SUMMARY 
In this Chapter, the FCP kinetics in the different microstructural regions of the two FSWed 
joints were investigated. In the first part, the FCP kinetics of the FSWed Ti-6Al-4V alloy were 
measured using C(T) specimens with initial notches parallel to the welding direction. Based on 
this work, the following conclusions were derived: 
 The FCP rates at low ΔK levels in the stirred zone and the interfacial zones of the weld 
were about an order higher than those in the base metal and heat affected zone.  
 FCP tests on post-weld heat treated specimens gave FCP rates comparable to those of the 
as-welded specimens. This could indicate that the residual stresses played an insignificant 
role on the FCP of the as-welded specimens. 
 The role of the microstructurally influenced crack path profile was rationalized through 
consideration of ΔKeq where it was shown that the nominally linear cracks in the stirred 
zone and interfacial zones promote higher FCP rates in comparison to the torturous cracks 
in the base metal and heat affected zone. 
 It was also qualitatively shown, through considerations of the crack tip opening 
displacement, that increase in β phase volume fraction in the stirred zone and the interfacial 
zone could lower the FCP resistance. 
In the second part, the local FCP properties of the 2-pass FSWed joint were evaluated through 
multiple centre-notched specimens also with initial notches parallel to the welding direction. 
The following conclusions were derived in this part: 
 All the weld affected zones had higher FCP rates than the BM.  
 The FCP behaviors of the microstructural regions outside the double stirred zone were 
found to be comparable to those of one-pass welds, indicating limited interaction between 
the thermally affected zones of the two-passes. 
 FCP resistance of the double stirred zone was lower than that of the single stirred zones 
despite similar failure behaviors. Hence, redevelopment of the microstructure in the double 
stirred zone gave a structure with lower FCP resistance.  
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5 Fatigue Crack Propagation across Microstructurally 
Dissimilar Interfaces  
 
The work carried out in this chapter was to evaluate the behavior of fatigue cracks propagating 
across interfaces between different microstructures of the same material. At first, FCP tests 
were carried for cracks propagating perpendicular to the weld direction for both the Ti-6Al-4V 
joints and the 2-pass friction stir welded (FSWed) AA6063-T5. In these tests, FCP kinetics at 
constant stress intensity factor range, ΔK, were obtained for cracks propagating from the base 
metal (BM) to the stirred zone (SZ) of the weld area and those propagating in the opposite 
direction, that is, from SZ to BM. Next, FCP tests were then carried out across model 
interfaces to simulate the behavior of cracks across the FSWed area. The model interfaces were 
obtained by diffusion bonding of microstructurally dissimilar Ti-6Al-4V blocks. The FCP tests 
were carried out under the same conditions as those employed for the tests orthogonal to the 
FSWed Ti-6Al-4V. 
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5.1 INTRODUCTION 
Most of the work done on the FCP behavior of FSWed areas has been for cracks propagating 
parallel to the weld direction [1]–[6]. Hence, there is little information on the behavior of 
cracks interacting with the different microstructural zones. In the few reports on FCP 
perpendicular to the weld direction, main focus has been put on the influence of the residual 
stresses on both the crack paths and FCP kinetics [1], [7]–[11]. In the cited references, only 
Pouget and Reynolds [9] and Moreira et al. [10] mentioned the possible influence of 
microstructure. Based on the findings presented in Chapter 4; significant differences in the 
FCP kinetics at near threshold levels for the various microstructural zones, it could be pertinent 
to consider the FCP across these different microstructures under residual stress-free conditions. 
5.2 EXPERIMENTAL PROCEDURE 
5.2.1 FCP Tests Transverse to the Weld Directions 
The FCP tests were performed on C(T) specimens extracted from both joints such that the 
initial notches were perpendicular to the weld direction as shown in Figure 5-1(a). The 
nomenclatures of the specimens; SZ to BM and BM to SZ, represent the direction of the crack 
propagation with relation to the two the microstructural zones. The specimens were extracted 
from a depth of 0.4 mm from the plunge surface of the FSWed Ti-6Al-4V joint and 0.5 mm 
from the 1
st
 pass surface of the AA6063-T5 joint. Specimen preparation included polishing to 
mirror surface finish and etching (subsection 2.3.1) prior to the FCP tests to enable easy 
identification of the interfacial regions. The FCP tests were carried out by maintaining a 
constant stress intensity factor, ΔK, by sequential load shedding after crack growths of about 
100 μm.  The ΔK was maintained at 5.6 MPa√m for the Ti-6Al-4V specimens and at 2.6 
MPa√m  for the aluminum alloy specimens, where the ΔK was calculated through Eq. 4-1. The 
ΔK levels were chosen so that the size of the plastically deformed region ahead of the crack tip 
is comparable to the grain sizes of the materials. These loading conditions are expected to give 
microstructurally sensitive crack propagation [12]. The specimen geometry, load ratios, R, and 
frequency, f, used for FCP tests on both sets of specimens were similar to those used for the 
FCP tests in the longitudinal direction of the Ti-6Al-4V weld, presented in subsection 4.2.1. 
These test conditions are summarized in Table 1.  
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Figure 5-1 (a) Illustration of the extraction of the C(T) specimens from both joints (b) 
AA6063-T5 C(T) specimen geometry  
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Table 5-1 FCP test conditions for the constant ΔK tests transverse to the welds 
 ΔK /MPa√m R frequency /Hz 
Ti-6Al-4V  5.6 0.6 20 
AA6063-T5 2.6 0.6 20 
 
5.2.2 Model Interfaces: FCP Tests across Microstructurally Dissimilar Diffusion 
Bonded Interfaces of Ti-6Al-4V 
5.2.2.1 Diffusion Bonding Process 
Two different heat treatments were carried out on as-forged Ti-6Al-4V blocks to obtain three 
groups of specimens; as-forged, solution heat treated and annealed (STA) and beta-annealed 





Figure 5-2 Heat treatment conditions for (a) Solution heat treatment and annealing and (b) βA 
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The STA was carried out at sub β-transus temperature followed by water quenching and 
annealing in order to obtain a residual stress-free, fine α/β bi-modal structure. A representative 
micrograph of the α/β bimodal structure is shown in Figure 5-4. In β annealing, on the other 
hand, the specimens are heated to beyond the β-transus temperature followed by air cooling 
and annealing to produce large β grains containing α colonies made up of lamellae α/β, Figure 
5-5. 
To produce microstructural dissimilar interfaces, four different combinations of the heat treated 
specimens were diffusion bonded. The combinations are presented in Table 5-2. Prior to 
diffusion bonding, machined blocks with dimensions of 40 mm x 40 mm x 20 mm were 





under the conditions shown in Table 5-3. These diffusion bonding conditions were 
empirically obtained through a number of trials to produce joins with negligible porosity, no 
microstructural change and less than 3% change in the specimen dimensions. 
 
 
Figure 5-3 Representative micrograph of the As-forged Ti-6Al-4V 
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Figure 5-4 Representative SEM Micrograph of the STA 
 
 
Figure 5-5 Representative SEM micrograph of βA 
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5.2.2.2 FCP Tests across Diffusion Bonded Interfaces 
The constant ΔK FCP tests were carried out using C(T) specimens extracted, through EDM, 
from the diffusion bonded blocks as illustrated in Figure 5-6. Two specimens were extracted 
from each of the diffusion bonded joints and the initial notches were positioned such that FCP 
tests could be carried out for cracks propagating from either side of the interface. The geometry 
of the C(T) specimens, specimen preparation and the testing conditions were similar to those 
employed for the FCP tests transverse to the weld of the FSWed Ti-6Al-4V, outlined in 
subsection 5.2.1, that is, under constant ΔK of 5.6 MPa√m. 
Table 5-2 Diffusion bonding combinations 
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Table 5-3 Diffusion bonding conditions 
Temp., °C Heating rate, °C/min. Pressure, MPa Holding time, mins 




Figure 5-6 An illustration of the extraction of C(T) specimens from diffusion bonded STA and 
βA blocks 
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5.3 RESULTS AND DISCUSSIONS 
5.3.1 FCP Kinetics Transverse to the FSWed Joints 
The FCP kinetics of cracks propagating transverse to the FS welds of the Ti-6Al-4V and the 
AA6063-T5 alloys at constant ΔK are presented in Figure 5-7 and Figure 5-8, respectively. In 
both figures, the shaded markers represent FCP data for cracks propagating from the SZ to the 
BM whereas the open markers represent data for FCP in the opposite direction (BM to SZ). In 
both alloys, there was a decrease in the FCP rate when the crack tip approached the BM region 
from the SZ. Based on the differences in FCP resistances of monolithic BM and SZ, discussed 
in section 4.3, and assuming that the properties of both the SZ and BM are isotropic, the 
decrease in the FCP rate across the interface is as expected. It was confirmed, through 
comparison of the data in Figs 4-3 and 4-10 against that in Figure 5-7 and Figure 5-8, that the 
FCP rates remote from the interface in the transverse tests resemble those parallel to the weld 
direction. However, within the interfacial region, the decrease in the FCP rate appears to occur 
before the crack tip reaches the BM region.  
Due to the weld profile, a symmetric crack front will reach the interface on one surface of the 
specimen whilst on the other it would still be propagating in the weld region, illustrated in 
Figure 5-9 for the Ti-6Al-4V weld. While the crack length could insinuate the crack tip in the 
interfacial region, the interaction of the crack with the BM would be significant enough to 
influence the FCP resistance. This effect is expected to be higher in the Ti-6Al-4V alloy where 
the weld profile tapers more steeply towards the weld root than in the double-V shaped weld of 
the AA6063-T5. On the other hand, microstructural gradation across the interface is higher in 
the AA6063-T5 FS weld where a distinct TMAZ structure is present. Despite the comparable 
FCP resistance between the SZ and TMAZ in the longitudinal direction, Figure 4-10, the 
TMAZ microstructure is anisotropic with grains elongated in the weld and thickness directions 
(Figure 2-8). The FCP resistance across the elongated grains could thus be different to that in 
the longitudinal direction, and subsequently that of the SZ, as observed in Figure 5-8. 
Mechanical factors can also be considered for the behavior of the AA6063-T5. Through tensile 
tests on miniature specimens, the yield strength of the SZ was found to be lower than of the 
BM. The difference in the yield strengths, generally termed as the strength mismatch 
(
𝜎𝑦𝑠,𝑆𝑍
𝜎𝑦𝑠,𝐵𝑀⁄ (= 0.75)), is large enough to result in significantly different crack tip plastic 
zone sizes between the two regions. Where the plastic zone size represents the size of the 
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plastically deformed region ahead of the crack tip and can be calculated through Eq. 5.1 for 
cyclic loading [13]. 




                                                        (5-1) 
Where rc is the plastic zone size under cyclic loading. Therefore, for a crack propagating from 
the SZ to BM, the plastic zone becomes smaller as the crack approaches the interface. This is 
termed crack tip shielding [12], [14] and is illustrated in Figure 5-10. Consideration of the 
plastic zone size also helps to understand the change in the FCP rate before the physical crack 
tip reaches the BM. Due to crack tip shielding, opening of the crack during cyclic loading is 
limited, thus smaller crack tip opening displacement (CTOD) [12]. This effect of the crack tip 
shielding has also been expressed in terms of the potential energy and J-integral [15], [16]. 
Generally, the shielding decreases the crack tip driving force and as discussed in subsection 
4.3.2.1, this drop in the driving force as evaluated through CTOD could then result in lower the 
FCP rate.  
The FCP rate of the cracks propagating from the BM to the SZ are represented by the open 
markers in Figure 5-7 and Figure 5-8 for the AA6063-T5 and Ti-6Al-4V alloys, respectively. 
In the case of the Ti-6Al-4V alloy, Figure 5-7, the FCP rate increased when the crack tip 
approached the SZ. The trend almost mirrored that observed for cracks propagating in the 
opposite direction. However, in the AA6063-T5, the trend was dissimilar to that of the BM to 
SZ crack. The FCP rate showed an initial decrease on approaching the interface followed by an 
increase when the crack propagated in the SZ. The decrease in the FCP rate near the TMAZ 
could be due to the above-mentioned higher FCP resistance across the elongated TMAZ grains. 
While increase of the FCP rate when the crack tip approached the SZ was expected, the 
increase was marginal such that the FCP rate in the SZ, remote from the interface, was 
comparable to that in the BM. This restricted increase in FCP rate as the crack propagates in 
the SZ from the BM was also seen in the Ti-6Al-4V alloy, Figure 5-7. Sugimura et al. [16] 
made the same observations in their work on FCP perpendicular to an explosion clad ferrite-
austenite bi-material interface. The cause of this anomalous behavior is not clear. However, 
this apparent toughening of the lower FCP resistance material could be influenced by the crack 
path history. 
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Figure 5-7 FCP kinetics of cracks propagating from either side of the SZ-BM interface of the 
FSWed Ti-6Al-4V at constant ΔK (5.6 MPa√m) 
 
Figure 5-8 FCP kinetics of cracks propagating from either side of the SZ-BM interface of the 















Distance from crack tip to interface (mm) 
SZ to BM
BM to SZ
R = 0.6,  f= 20Hz  @RT 
Constant ΔK = 5.6 MPa√m 
BM SZ 
BM to SZ 




















BM to SZ 
SZ to BM  
R = 0.1,  f= 25Hz  @RT 
Constant ΔK = 2.6 MPa√m 
AA6063-T5 
Fatigue Crack Propagation across Microstructurally Dissimilar Interfaces 
 2016
 
 99 Submitted in partial fulfillment of the Dr. Eng. Course in Mat. Sci. at NUT 
 
 
Figure 5-9 Illustration of the crack front across the interfacial region of the FSWed Ti-6Al-4V 
   
Figure 5-10 An illustration of the decrease in plastic zone size due to crack tip shielding 
 
Figure 5-11 FCP kinetics across a diffusion bonded interface of the as-forged material with 
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5.3.2 FCP Kinetics across Diffusion Bonded Interfaces of Ti-6Al-4V 
The FCP kinetics of the cracks propagating transverse to the diffusion bonded interfaces of 
combinations, A, B and D (Table 5-2) are presented in Figure 5-11, Figure 5-12 and Figure 
5-13, respectively. The FCP behavior of the crack propagating across the interface of 
combination C resembled that presented in Figure 5-12 for combination B, hence these shall be 
discussed together. The FCP rate across the interface of combination A - similar 
microstructures - did not show any significant changes as the crack tip approached the interface. 
This test could serve as a control test to indicate the effect of the diffusion bonded interface on 
the FCP rate of cracks propagating transverse to it. The insignificant change in the FCP rate 
across the interface is concomitant with minimal microstructural change and the absence of 
residual stresses in diffusion bonds of similar materials. 
In combination B, Figure 5-12, for propagation from the STA to the as-forged (shaded 
markers), the FCP rate decreased as the tip approached the interface and remained lower than 
in the STA as the crack propagated in the as-forged material. In the opposite case (open 
markers), for the crack propagating from the as-forged to the STA, there was a gradual 
increase in the FCP rate as the crack tip approached the STA material. These trends are 
synonymous with those observed for cracks propagating across the interface of combination D, 
whose FCP kinetics are presented in Figure 5-13 where the FCP rate of the crack propagating 
from the STA to βA decreased across the interface and that of the crack in the opposite 
direction showed a slight increase. It was also observed that the crack paths in the dissimilar 
microstructures were markedly different. As alluded to in subsection 4.3.1.1 for the FCP 
parallel to the FSWed Ti-6Al-4V, differences in crack path profiles can play a key role 
influencing the FCP rates. It has already been established, in Chapter 4 of this report and other 
literature [12], [17], [18], that smoother, nominally linear crack paths lead to higher FCP rates 
than torturous ones. Representative crack path profiles for the propagation from the as-forged 
to the STA and from the βA to STA are given in Figure 5-12(a) and Figure 5-13(b). In both 
combinations, the crack paths were smoothest in the STA whereas the cracks in the βA were 
the most torturous which correlates well with the higher FCP rate in the STA and decrease in 
the FCP rate as the crack approached both the as-forged and βA from the STA, Figure 5-12(a) 
and Figure 5-13(a). Further to crack kinking in both the as-forged and βA materials, there was 
bifurcation of the cracks, more notably in the βA. 
Crack branching could also contribute to the apparent higher FCP resistance of the as-forged 
and βA microstructures. Suresh [19] showed the effect of bifurcation through calculations of 
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the effective stress intensity factor based on the local mode I and mode II stress intensity 
factors on crack branches. He reported [19] that branching can lower, by up to 50%, the near-
tip crack driving force of the main crack. Differences in the crack paths could be due to the 
dissimilar microstructures. The crack profiles correspond to the microstructural length scales; 
the finer, microstructure in the STA promotes nominally linear crack paths whereas the coarse 
structure of the βA could lead to significant periodic crack deflection [18], [20], [21]. In the 
bimodal microstructure of the STA, the crack path appears to be governed by the grain size, 
Figure 5-14, whereas in the βA, α colonies seem to play a bigger role, Figure 5-15. These 
differences have been discussed in subsection 4.3.1.1 with reference to the spontaneity of 
cracks in α/β titanium alloys to propagate along favorably oriented α phase crystallographic 
planes.  
With regards to the FCP behavior across the interfaces, the fatigue cracks in the diffusion 
bonded specimens showed similarities to those propagating transverse to the FSWed Ti-6Al-
4V alloy (Figure 5-7); decrease in the FCP rate of cracks propagating towards the coarser 
structure and restricted increase in the FCP of cracks growing in the opposite direction. 
However, when the crack tip was near the interface, notable differences could be observed. In 
the FS weld, the change in the FCP rate occurred gradually, covering about 2 mm of the crack 
length whereas in the diffusion bonded materials the significant changes occurred after the 
crack had propagated beyond the interface. This is due to the microstructural gradation across 
the FS weld and the non-existence of a distinct interface in diffusion bonded joints. These 
results could be considered to be complementary; while the FS weld shows the evolution of the 
FCP behavior across a wide interface, the diffusion bonds show the less dramatic change in 
FCP that can still be achieved without a distinct interface between the dissimilar 
microstructures.   
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Figure 5-12 (a) FCP kinetics across a diffusion bonded interface between the STA and as-
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Figure 5-13 (a) FCP kinetics across a diffusion bonded interface between the STA and βA 
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Figure 5-14 Fatigue crack path profile for crack propagating from the βA to the STA 
 
 
Figure 5-15 Fatigue crack path profile for crack propagating from the STA to the βA 
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5.4 CHAPTER SUMMARY 
The FCP behaviors across microstructurally dissimilar interfaces in two FSWed joints, Ti-6Al-
4V joint and AA6063-T5 joint, and diffusion bonded Ti-6Al-4V were investigated and the 
findings are summarized below: 
 The FCP behavior of the FSWed AA6063-T5 showed similarities with that of the Ti-
6Al-4V. In both joints, for crack propagation from the SZ to the BM, the FCP rate 
decreased when the crack tip approached the interface and for propagation in the 
opposite direction, the FCP rate increased. The differences in FCP resistances far from 
the interface were found to resemble those reported in Chapter 4 for the monolithic 
materials. 
 
 In both joints, while the FCP rate of cracks approaching the BM from the SZ evidently 
decreased, the FCP rates of cracks propagating in the opposite direction showed 
somewhat constrained increases. The apparent higher FCP resistance of the SZ to 
cracks propagating from the BM could be related to the crack path history. 
 
 The FCP behavior across diffusion bonded interfaces of Ti-6Al-4V alloys showed 
anisotropic behavior related to the monolithic properties of the dissimilar 
microstructure; the FCP rates decreased for propagation in coarser microstructures 
where significant crack path tortuosity seemed to play a role. Also, the FCP rate was 
found to be marginally influenced by the smooth interfaces. 
 
 In a comparison of the behavior between the FSWed and diffusion bonded interfaces, it 
was found that microstructural gradation across the interface in FS welds gave a wider 
zone of effect with gradual and more defined change in FCP behavior than in the 
smoother diffusion bonded interfaces. 
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6. Conclusions and Future Work 
 
Fatigue behaviors of friction welded titanium and aluminum alloys were studied to assess the 
applicability and projected reliability of the friction stir welding technology to fabricate 
titanium alloy components. Even though Friction stir welding is known to cause significant 
microstructural evolution, the role of the microstructure on the fatigue behavior of the welded 
regions is still not clear for titanium alloys. This work focuses on the role of the crack tip 
microstructure in influencing the fatigue resistances of a one-pass friction stir welded titanium 
alloy and a two-pass friction stir welded aluminum alloy. The major deductions made are as 
follows:  
In Chapter 2: Residual stresses obtained through the XRD method on electropolished 
specimens were found to be low in both joints, less than 10 % of the yield strengths of the 
respective materials. Local tensile strengths and ductility obtained from miniature specimens 
extracted from both joints were heterogeneous across the welds. In the titanium alloy, the 
monotonic properties on the advancing side and those on the retreating sides were dissimilar 
and this was discussed with reference to differences in heat input and developed microstructure. 
Properties of the double stirred zone in the AA6063-T5 were comparable to those of the single 
stirred zones, indicating insignificant influence of the double stirring on the monotonic 
properties.  
In Chapter 3: In the Ti-6Al-4V, local fatigue crack initiation lives were significantly different 
across the weld. The longest fatigue crack initiation life was obtained in the homogeneous, bi-
modal structure of the stirred zone. Noteworthy, the life in this microstructural region was 
longer than that of the base metal. On the other hand, the shortest crack initiation life was near 
the interfacial region, on the advancing side, in the region containing significantly 
heterogeneous microstructure. It was shown that the crack initiation lives could be dictated by 
the slip length in homogeneous structures, and strain incompatibility in microstructural zones 
with local heterogeneities. Fatigue crack initiation in the 2-pass FSWed AA6063-T5 alloy 
occurred in the heat affected zone away from the double stirred zone; a behavior similar to that 
reported for one-pass welds.  
In Chapter 4: The fatigue crack propagation (FCP) resistances of the weld affected areas were 
lower than those of the base metals for both welds. Also, in both welds, the FCP kinetics of as-
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welded specimens were comparable to those of post-weld heat treated specimens hence it is 
thought that residual stresses did not play a significant role in the FCP kinetics. The role of the 
microstructure was then evaluated through analysis of the crack tip microstructure, crack paths 
and fracture surface features. For Ti-6Al-4V, calculations were made to show that nominally 
linear crack paths through the fine, recrystallized microstructure of the stirred zone and 
interfacial zones promoted higher FCP rates in comparison to the torturous cracks in the base 
metal and heat affected zones. It was also postulated, through considerations of the crack tip 
opening displacement, that increase in β phase volume fraction in the stirred zone and the 
interfacial zone could also lower the FCP resistance. In the AA6063-T5, it was shown that the 
double-V shaped 2-pass FSW influenced only the FCP resistance of the double stirred zone; 
FCP kinetics of microstructural zones outside the double stirred zone were comparable to those 
of one-pass welds while those in the double stirred zone were higher than in single stirred 
zones.  
In Chapter 5: The FCP behavior transverse to the weld of the FSWed AA6063-T5 showed 
similarities with the Ti-6Al-4V despite more significant microstructural gradation. In both 
joints, for crack propagation from the SZ to the BM, the FCP rate decreased when the crack tip 
approached the interface and for propagation in the opposite direction, the FCP rate increased. 
Similarly, the FCP behavior across diffusion bonded interfaces of Ti-6Al-4V alloys also 
showed anisotropic behavior related to the monolithic properties of the dissimilar 
microstructure; the FCP rates decreased for propagation in coarser microstructures where 
significant crack path tortuosity seemed to play a role. It was also observed that the change in 
FCP kinetics across the graded microstructures of the FS welds were gradual over a wider 
region whereas in the diffusion bonds changes occurred after the interface.  
The findings in this work showed that the fatigue behavior of friction stir welded light metal 
alloys; titanium and aluminum, are influenced by the locally developed microstructure. 
Furthermore, the fatigue performance of these FS welds was also found to competitive against 
that of the conventional welding techniques. Nonetheless, it may be prudent to improve the 
fatigue resistance of, mainly, FS welds of titanium alloys to promote applicability of FSW in 
the fabrication of components for critical applications such as in shipbuilding, automotive and 
aviation industries. Ways to achieve this are suggested as follows:  
 Formation of the localized lamellar microstructure, reported in Chapter 2, should be 
suppressed. The localized structure, formed due to high temperature and presence of tool 
debris on the advancing side of the weld, had undesirable strength-ductility balance and 
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fatigue crack initiation resistance. The formation of this microstructure can be limited by 
altering the FSW conditions to obtain lower temperatures and less tool wear deposit on the 
advancing side. Such further controls on the processing parameters would, inadvertently, 
narrow the processing window. To counter this, multi-pass FSW or friction stir processing 
(FSP) of titanium alloys can be considered. As reported for the aluminum alloys, double-
sided 2-pass FSW has high process tolerance and gives weld areas with fatigue resistances 
comparable to those of single-pass welds (Chapters 3 and 4). In the multi-pass FSW, based 
on findings reported in Chapter 4, it may be prudent to avoid formation of a double stirred 
region. 
 
 In applications where the desired material properties are sensitive to the section of the 
component, for example; different properties for the leading and trailing edge of gas 
turbine blades and for the blade and disk, hybrid components of the same alloy but 
dissimilar microstructures could be employed (Chapter 5). This approach would enable 
fabrication through a number of techniques, including FSW and could address the 
challenges faced in linear friction welding, highlighted in Chapter 1, of high residual 
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